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A new method for studying the adsorplIhrfir^'gaSfeS'' 
at very low pressures and the properties of 
adsorbed films of oxygen on tungsten 

Bv J. L. Morrison and J. K. Roberts 
Department of Colloid Scienm, Cambridge 

{Communicated by E, K. Rideal^ F.R.S.—Received 2 May 1939) 

1. Introduction 

It has been shown (Roberts 1935) that the accommodation coefficient of 
neon with a tungsten surface is very sensitive to the presence of adsorbed 
films and that changes in it may be used to study the adsorption of traces of 
gases mixed with the neon. The method has been applied to obtain some 
pro])erties of adsorbed films of hydrogen, oxygen and nitrogen on tungsten 
(Roberts 1935; V^an Cleave 193^?). In these experiments the actual partial 
pressure of the gas undergoing adsorfition was not determined and was not 
maintained constant. In the present development these two limitations 
have been removed. The exj jeriments have been made with oxygen, but the 
new kichni(|ue is applicable to any gas which is removed efficiently by char¬ 
coal cooled in licpiid air and it can be used down to extremely low pressures. * 

The essential parts of the apparatus are shown in figure I. As in the earlier 
experiments the ne<m was continuously circulated through charcoal tubes 
CjL, (4 cooled in liquid air to remove adsorbable impurities from it. At the 
beginning of the experiment the wire W was heated to a temperature well 
above 2000" K to remove all adsorbed impurities from its surface and, after 
it had cooled down, a measured current was passed through it sufficient to 
raise its temperature about 20" above that of tlic oil bath in which the con¬ 
taining tube was immersed. The wire formed one arm of a Wheatstone Bridge 
and resistance-time readings were taken. From each such reading the 
temperature of the wire could be deduced and the accommodation coefficient 
of the noon obtained, the gas pressure being read on the Maoleod gauge. 
Con'ection was made for end and radiation losses (Roberts 1932). 

At a given instant a measured dose of oxygen was admitted from the gas 
pipette to the calibrated 21, bulb B so that the pressure of oxygen in B was 
known. This oxygen diffused through the long fine capillary tube F. On 
reaching the far end it divided into three streams. The first filled the Macleod 
gauge and, once a steady state had been reached, ceased. Another stream 
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went to the charcoal tube where it was removed. The third went {)a8t the 
wire W to C, which was immersed in liquid air, and a very small fraction 
to Og. 

As in the earlier ex[)erimentH the adsorption of this oxygen on W caused 
the accommodation coefficient of the tungsten to change and this change was 
followed. In order to interpret the results quantitatively and to calculate the 
partial pressure of the oxygen at W from the known oxygen pressure at B we 
must consider the theory of the flow of gas through the system. 



2, Til KORY OF FLOW OF GAS 


The apparatus was so designed that in the ca))illary tube F the resistance 
to the flow of oxygen due to collisions with the walls of the tube was con¬ 
siderably greater than that due to collisions with neon atoms, so that the 
effect of the latter apjieared only in a correcting term. From the point P to 
and < 7 , on the other hand, collisions with neon atoms gave rise to the im¬ 
portant term in the resistance, and the effect of the walls apj)eared only in a 
small correcting term. 

(a) Diffusion 

Consider first the flow of oxygen from P to C and where the resistance 
arises primarily from the fact that it has to diffuse through the neon. If we 
have a mixture of molecules of two kinds 1 and 2, and if P^ is the rate of 
increase |)er unit time per unit area of molecules of the first kind on the 
positive side of a given plane, say z = then for linear flow 





di\ 


(1) 
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According to the Maxwell-Stefan theory of diffusion (Joans 1925, equation 
( 850 )) 


D 


12 




( 2 ) 


where and are the numbers of molecules per c,c. of the first and second 
kinds respectively and Cj and their mean velocities. ^^2 arithmetic 
mean of the diameters. Jeans gives the values in table 1 for where rr is the 
effective molecular diameter. Using these, the values of diffusion 

of O2 and N2 and of He and A mixtures were calculated and shown not to 
diff er by more than 10 % from the latest direct experimental values collected 
in Landolt-Bornstein tables. The exf)erimental values differ among them¬ 
selves by the same amount. This shows that to this order accurate results can 
be obtained from the theory. 


Table 1 


GaH 

\,(T 

0 , 

1*82 X 10 -» cm. 

N, 

1-9 

Ho 

M 

A 

1-8 

Kr 

21 

Xe 

2-4 


In the present application we shall take the suffix 2 to refer to neon and 1 
to the gas (oxygen) diffusing through it. Cj is then < and can be neg¬ 
lected in comparison. Omitting from -f 1^2 using the usual relations 
between jr;, r, the molecular velocity and the temperature equations (1) 
and (2) become res|)ectively 



kT dz ’ 

( 3 ) 

kT 

niikl'Y 

( 4 ) 


\n mg mj/’ 


where and are the partial pressures of gases 1 and 2 in dynes cm.^ 
and are the masses of individual molecules and k is Boltzmann’s constant 
in ergs i)er molecule per degree. 

If we have a number of tubes in series with areas of cross-section A', 

A'\ etc., and lengths l\ V\ etc., we have for steady flow 

(s) 


1-2 
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Each of these is the total flow of gas 1 in unit time. If the partial pressure of 
gas 1 changes by Ap\ along the length of the first tube, we have from ( 3 ) 

^ kf V ’ 


since for steady flow in a given tube dpjdz ^ constant. Similar relations 
hold for the other tubes. We now define the resistance R of a tube of length / 
and cross-section A by the relation 


R 


kT I 

I^x%A 


(fl) 


and we have 


r[A* 


“ ir ’ 


etc. 


Using ( 5 ), we have therefore for the total flow of gas 1 in molecules per 
second 

+ R' + r"+7:.' 

where Ap^ is the total droji of pressure of gas I in the series of tubes under 
consideration. 

There are no kinetic theorj^ data available for neon, but table I shows a 
regular increase as we go up the series of rare gases. We take ^cr for neon as 
1-5 X 10 ®cm., so that for oxygen and neon is 3-3 x 10 ^crn. Using this, 
the resistance to the diffusion of oxygen through the neon of a tube of length 
I and area of cross-section A is from ( 4 ) and (6) at 290 ^ K given by 

i? = I'SOx 10 (8) 


where Pa pressure of neon in dynes cm.* 


(6) Flow through mpillary tube 

The capillary tube F was 20*9 cm. long and 0-0528 cm. in diameter. In 
order to be able to calculate the flow through it accurately it is necessary to 
work at such pressures that the effect of collisions of the oxygen molecules 
with the walls of the tube is a more important factor in the expression for the 
resistance to flow than is the effect of collisions with the neon atoms in the 
gas phase. Let us first neglect the effect of collisions with neon atoms com¬ 
pletely. Provided the free path is much greater than the diameter, the 
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number of molecules passing through the tube per second is given by the 
usual formula of Knudsen 

WjS/Try 21 ' 

7 { 8 \ 2 / n?^ 

where is the difference between the partial pressures of oxygen at the 
two ends, is the density of oxygen at the temperature of the tube and at a 
pressure of 1 dyne cmr^, I is the length and r the radius of the tube. The 
denominator of this expression represents the resistance of the walls of the 
tube to the flow of oxygen. The neon offers an additional resistance given by 
equation ( 8 ). Adding the two resistances together, we obtain finally for f the 
number of molecules ijassing through the tube |>er second 


/r 




nr^ A 


P\S\2 


Inserting numerical values at 290® K this becomes 

Ap, 


ft 




5-Ox 10-13+1-435 X 10-1*^ P2* 

P 2 varied from 60 to 120 dynes cm.;**, so that the second term in the de 
nominator was not more than about 30 % of the first. 


(c) Flow through while system 

When the steady state has been reached the flow through the capillary 
tube must equal the flow to plus that to < 7 , the flow to being negligible. 
We have therefore 

ft == fa 


where« flow on side a, and/,^ = flow on side h. If the pressure is assumed 
to be zero at the surface of the charcoal, this equation becomes, using (7), 
(8) and (9), 


__ 

6'0 X 10-«+ i-436 X 10-1^8 


AVd 


APd 


1-60 X S-j ISO X S~ ’ 


where Ap^ is the pressure at P and where the sums are to be taken for all 
tubes on sides a and b respectively. The assumption that the pressure is 
zero at the surface of the charcoal is equivalent to the assumption that every 
molecule that strikes the surface is adsorbed. If this is not so, the effect can 
be represented by including an additional resistance per unit area of the 
tube containing the charcoal. We must also include terms to represent the 
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resistance due to collisions with the walls as in equation (9). 
equation then becomes 


_ ^Pt 

5-0 X i6-->»+ 1-435 X 



The above 
( 10 ) 


where 


R„ 


+ 4- 40 X 10 1" S ~ +1 -50 X J 0-«p» £ i. 


and Ri is a similar term with b replacing a, and are the areas of the 
tubes and (1 

Subsidiary experiments were made to determine jK^. In these the wire W 
was replaced by a Pirani gauge, no neon was present and the pressures used 
were such that the free path was everywhere large compared with the tube 
diameter. The resistance to the flow of oxygen from B to the charcoal could 
therefore be calculated using Knudsen’s formula for molecular flow quoted 
above. The resistance jw unit length of tube is of course much less than with 
the neon present, so that any effect at the surface of the charcoal becomes 
relatively much more important. With a known pressure in B the value of 
R^ was deduced from the pressure measured on the Pirani gauge. The value 
obtained was 1 x This requires correction for the effects of thermal 
effusion. The correction cannot be calculated exactly. An upper limit to it 
was therefore calculated. Using this upper limit the value obtained for R^^ 
was 6*5 X 10“*’. The essential point is that these experiments showed that the 

effect is small compared with the other resistances involved. Thus at Pa = 

which is at the centre of the range of pressures actually used, the resistance 
at the surface of the charcoal is, if R^ is taken as 1 x 10“^®, equivalent to the 
resistance at room temperature of about 6 cm. of tube of the same cross- 
section. The terms in R^ are therefore only small correction terms, and in 
calculating them we use = 1 x 10*^^®. 

It will be seen from equations (4) and (6) that the resistance due to diffu¬ 
sion of a tube of given dimensions at a given pressure of neon is inversely 
proportional to jT*. Thus, if any portion of a tube is not at room temperature, 
its effective length is altered. Remembering this and inserting numerical 
values for the dimensions of the tubes, equation (10) becomes 


_ ^pt 

6-00 X 10-“+ l-4'36 X 

= X 10-“ +2-00xT6-“+1-187 xTo“i^ 

1 

'^b-f9xT0-“+l-21 X 10-“ + 9-23x 10-“pj,, 


( 11 ) 
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The first term in the denominator in each case on the right-hand side arises 
from the resistance at the surface of the charcoal, the second from the effect 
of the walls and the third from the effect due to diffusion. The relative orders 
of the three can be seen immediately for any value of pg. 

At — 100 we obtain = 9*5 x 10“^. 

Thus Apa is only about 1/1000 of so that Ap^ can be taken as equal to the 

known pressure in the bulb JS. 

Finally, the pressure of oxygen at the wire W is 




^wc 

R 


PC 


where is the resistance from W to C including that at the surface of C, 
and Rp(j is the resistance from P to C in figure 1. R^tq is given by 


= 1*9 X -h 5*2 X 10-i« + 9*18 X lO'-'^^p^, 


in which the first term is due to the effect at the charcoal surface, the second to 
the walls, and the third to diffusion through tlie neon. In figure 2 the actual 
factor by which the pressure in B must be multiplied to give the pressure at 
the wire is plotted as a function of p^. It will be seen that the factor varies 



FiauKB 2. Relation between p the oxygen pressure at the wire and Api the 
oxygen pressure in the bulb R as a function of the neon pressure 

widely over the range of neon pressures used, and the fact that, as we shall 
see in the next paper, § 1, consistent results were obtained over this wide range 
is an indication of the validity of the theory underlying the method. Sub¬ 
sidiary experiments with the neon circulating and stationary showed that 
circulation in itself had no effect on the oxygen pressure. 
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3. Three different types of oxygen film on tungsten 

The accommodation coefficient of neon with bare tungsten is 0*057 at 
about 300° K, the temperature at which all the experiments were carried out. 
When oxygen is admitted and absorbed on the tungsten, this rises to a final 
steady value which depends on the jiressure of the oxygen at the wire. 
af is plotted against tlw) oxygen pressure in figure 3. At very low partial 
pressures of oxygen the value ~ 0*226 is reached. This suggests two types 
of adsorption, a very stable film corresponding to a = 0*226 and a less stable 
one on top of it, the population of which depends on the pressure. Further 
investigation shows however that the film corresponding to a — 0*226 is it¬ 
self composite. Heating this film to a temperature of about 1100 ° K reduces 
the accommodation coefficient to 0*177 and, until the film is heated to above 
1700° K, no further evaporation takes place.* 



Figube 3. Relation between the final steady value of the accommodation 
ooeffioient of neon and the partial pressure p of oxygen. 


The stable film which does not begin to evaporate appreciably until above 
1700° K can be presumed to be immobile, that is, each adsorbed particle 
remains where it is first attached. It is usually assumed that this film is 
atomic, each oxygen molecule dissociating on adsorption and the separate 
atoms occupying two neighbouring sites on the surface, and for the sake of 
definiteness we shall adopt this assumption which will be discussed in detail 
elsewhere later. One of us (Roberts 1935 ) has shown that an immobile film 

* The value 0*177 correspondB to 0*20 given by Van Cleave ( 1938 ). These small 
differences ore not relevant from the present point of view, and may be due to alight 
variations in the roughness of different samples of tungsten. The alight rise when the 
wire was heated above about 1400° K observed by Van Cleave was also observed in 
the present experiments but need not be discussed here. 
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of this type will have gaps or holes in it consisting of isolated single sites on 
the surface surrounded by occupied sites, and has pointed out that such sites 
will exert a greater attraction for oxygen molecules than other parts of the 
surface. The actual number of such gaps is about 8 % of the total number of 
sites, and it would be expected that oxygen molecules would be stro^agly 
adsorbed on them. The most likely explanation of the results is therefore that 
the state a — 0*177 produced by heating the film to about 1100°K corre¬ 
sponds to the stable atomic film with 8 % of gaps in it. The state a = 0*220 
reached at very low pressures corresponds to the stable film with the 8 % of 
gaps occupied by molecules. The higher values in figure 3 are due to the 
presence of an adsorbed film on top of this structure, the equihbrium amount 
in this last film depending on the pressure of the oxygen in the gas phase. 

It is of interest to investigate the form of the isotherm for this last film. 
The highest pressure at the wire which could be measured accurately was 
about 9*8 X 10~* dynes cm. At higher pressures than this the necessary 
conditions for the theory to be applicable were not satisfied.* At 9*8 x 10”® 
dynes cm.”® the final steady value of the accommodation coefficient was 
0*320. When tlie pressure in the bulb B was increased about four times, the 
value of af was 0*340, and, when it was increased about ten times, was 
0*352. The pressures at the wire in these two exi)eriment8 could not be 
deduced accurately, but they must have been of the order of four and ten 
times that in the experiment in which af was 0*320, It is thus evident that 
at these pressures the value of is changing very slowly with increase of 
pressure, and that the value of corresponding to a complete film cannot lie 
far from 0*36. 

In considering the structure of this film let us for the sake of definiteness 
consider the (100) plane of tungsten. In this the atoms are arranged in a 
simple square lattice, the distance between nearest neighbours being 
3*1 X 10”® cm. The diameter of the oxygen molecule is 3*64 x 10 ® cm. (see 
table 1). Thus it will probably not be possible to pack oxygen molecules on 
the surface so that every site is occupied, but easily possible to pack them so 
that, if a given site is occupied, the surrounding four sites are vacant as 
shown in figure 4. In this case the complete film with = 0*36 will correspond 

* To produce a pressure of 9*8 x 10”® dynes om.”* at the wire the pressure of oxygen 
in B was about 100 dynes cm."*, i.e. of the same order as the noon pressure. Thus at 
the B end of the capillary tube the condition r, would not be fulfilled. This is not 
important, as it would only affect a correction term, in fact only the part of the 
correction term arising from the first few cm. of the capillary tube. More important 
is the fact that at higher pressures than this the average distance travelled by an 
oxygen molecule between two collisions with other oxygen molecules would not be 
gwater than the diameter of the tube. 




Values of 0 obtained in this way are plotted in figure 5. 



Figtoe 4. Packing of oxygen 
molecules in upper layer. The 
dots represent the sites and the 
circles the closest packing of the 
molecules. 



Figltbb 6. Relation between p in dynes 0 

tlio fracjtion of sites occupiwi in the upper layer 
and the oxygen pressure p. 


The theory of this type of adsorption has been given by one of us (Roberts 
1938 ). When there is no interaction between tw o particles adsorbed on sites 
like A and B (figure 4), the isothermf (equation (4) there) is 

' lTe7 ’ ^ ^ 

where is defined by (equation ( 10 ) there) 


e ^ ea(l + e,){e g + (l + €,)n. 

J — 0 (1 + Cji)* 4 - €3(2 + 62 j (1 + 2^2) 


(14) 


^ is proportional to the pressure. The constant of proi)ortionality has been 
chosen to make the theoretical curve of equation (13) pass through the 

♦ We neglect the fact that the underlying structure is t\oi completely uniform in 
that places where undissociatad molecules are adsorbed on vacant sites surrounded by 
four occupied sites will differ from sites occupied by atoms 

t The case considered theoretically is for a slightly different lattice in which, how¬ 
ever, as here, each site lias four nearest neighbours. The difference would only affect 
the results when interactions between particles (apart from the interaction which 
excludes the possibility of adsorption on the four sites surrounding an occupied site) 
is taken into aoooimt. 
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experimental point A (figure 5), It will be seen that the general agreement 
between the observed and theorctical isotherms is satisfactory, and it may 
he mentioned that in the range plotted the agreement is not sensitive to the 
value = 0-36 selected for the complete film. 

It is evident that these experiments make it possible to form a much more 
detailed and accurate picture of the whole oxygen layer on tungsten than 
did the experiments on the heat of adsor|)tion (Roberts 1935 ). The difficulties 
of working with oxygen as contrasted with hydrogen using the heat tech¬ 
nique and the indefiniteness introduced into the oxygen results by these 
difficulties were mentioned. It is now clear that the oxygen film is much more 
complicated than could have been supposed at that time, and in view of this 
it may be necessary to modify in detail some of the interpretations given in 
§§2 ”7 of the 1935 paper on oxygen and particularly those connected with 
diffusion from the second film. The general experimental results presented 
there of course stand, and these may be enumerated as follows: (i) An 
amount of oxygen (i.e. number of molecules) of the same order as that in the 
hydrogen film is adsorbed with a heat considerably greater than lOOkcal./ 
mol. and in the neighbourhood of 14()kcal./mol. Og, (ii) In addition to this 
some oxygen is adsorbed with a lower heat. The theory of gaps or holes in 
immobile films given in § 5 of that paper is of course unaffected. 


4. The mean life on the surface of partk^les in the upper layer 

These results enable us to obtain an estimate of the order of the mean life 
T on the surface of particles in the upjjer layer when the lower layers are 
complete. The probability that a given particle which is on the surface will 
evaporate in a given inti^rval of time dty which is <| r, is 


If then there are pdUf, particles per unit apparent area of surface, the number 
that will evaporate in a time dt is 

pOn,-. 

% is the number of sites per unit area of a smooth surface and p is a factor to 
take account of roughness. The number that condense on unit apparent area 
of the surface in time dt is, if 0 is small and a is the condensation coefficient, 

a 

{2nmlcT)^ 
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In equilibrium we have therefore 

p n,(27TmkT)^' 

For the ( 100 ) plane of tungsten n„ = 10 *® and at T = 300“ K, 


0 = ~t2-67x lOV 
P 


(15) 


In the region where we have a linear relation between and the oxygen 
pressure p figure 3 shows that, wheixp ~ 10^^ dynes cm/ == 0*242. Thus, 
using equation (12), we obtain 0 = 0*06. Substituting this value of 6 and the 
corresponding value of p in equation (15), we obtain 


- r — 2*2 sec. 

P 

Thus, since ajp cannot be greater than unity, the average life of an adsorbed 
molecule in the upper layer is not less than about 2 sec. 


Summary 

The basis of the method is the fact that the accommodation coefficient of 
neon with a tungsten surface is extremely sensitive to the presence of ad¬ 
sorbed films. Oxygen contained in a large bulb at a known partial pressure 
flows first through a long fine capillary tube and then through wider tubes, 
in which the main resistance to flow arises from the presence of the neon, to 
charcoal tubes immersed in liquid air, where it is removed. The wire on which 
the adsorption takes place is situated in one of these wider tubes and the 
pressure in its neighbourhood can be calculated accurately from the kinetic 
theory of gases. The conditions obtaining at the surface of the charcoal have 
been investigated. Pressures of oxygen from about 2 x 10 ”* to about 
7-5 X 10”® mm. of mercury can be obtained. 

At room temperature there is a film of oxygen which is stable at the lowest 
pressures. Above this film is another the population of which depends on the 
pressure. The isotherm for this upper film has been determined and it has 
been shown that the mean life on the surface of a particle in it is not less than 
about 2 sec. The lower film is itself composite; part of it evaporates at about 
1100 °K and the rest not until above 1700° K. The less stable part of this 
lower film is attributed to molecules adsorbed in the gaps in the immobile 
more stable part. 
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The kinetics of the formation of oxygen 
films on tungsten 

By -f. L. Mobrtsox anr J. K. Roberts 
Department of Colloid Science, The University, Cambridge 

(Communicated by E. K. Ridexti, F.M.S.- Received 2 May 1939) 

1 . ExVERIM ENTAL KE8ITLTS 

In the preceding paper the application of a method for maintaining a very 
low steady pressure of oxygen to determine the nature of the complex 
adsorbed layer of this gas on tungskm has been described. We shall now dis“ 
cuss the use of the method to study the process of formation of the adsorbed 
film. 

In figure 1 the accommodation coefficient of neon is plotted as a function of 
the time. At the instant indicated by the arrow oxygen was admitted to the 
bulb B (see figure 1 of the preceding paper). It will be seen that at the begin¬ 
ning of the experiment, i.o. before the oxygen was admitted, the amount of 
impurity in the neon was so small that the drift was practically negligible. 
An idea of the sort of conditions that are necessary for the drift to be 
negligible will be xmlized from the fact that the partial pressure of oxygen 
established at the wire in this iiarticular experiment was only 2-3 x 10“® mm. 
of mercury. The gi^adient da/dt of this and similar curves was measured at 
various points, and in no case were measurements included for points less 
than 2 min. after the admission of the oxygen. Experimental and theoretical 
considerations indicate that by tins time a steady pressure of oxygen was 
established at the wire. 

We have seen in the previous paper that for the bare surface = 0'057 
and that for the stable film with the '‘gaps” empty the accommodation 
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coefficient is 0*177. We shall continue to suppose that the stable film is 
atomic and for such a film the number of gaps is 8 % (Roberts 1935 ). That is, 
for a change from /? = 0 to <9 = 0*92 the accommodation coefficient changes 
by 0*120. If we assume a linear relation between a and 0 the change in a 
from <9 ™ 0 to ^ - 1 would be 0*130, i.e. the accommodation coefficient for 
& ” 1 would be 0*187- We therefore define 0^ the apparent value of 0 by 



a-0^057 
() 130 


Thus 


d0f^ ^ i da 
dt "" 0*130 d/ ' 


( 2 ) 



2 4 6 8 10 12 14 16 18 20 22 24 

time (min.) 

FiauKK 1. Relation between the accommodation coefficient a of neon and the time. 
The instant at which oxygen was admitted is indicated by the arrow. 


In figure 2 a measured values of “are plotted against 0^, where p is the 

pressure of oxygen at the wire deduced as in the preceding paper. We shall 
see in § 3 that p does not remain quite constant throughout one of the present 
experiments and shall calculate the corrections for this. We shall also discuss 
the relation bet^^een a and 0 and shall see that a linear relation is unlikely. 
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For a complete theoretical interpretation it is necessary to take these factors 
into account, but we plot here the uncorrected values to show that the 
corrections do not cause any essential difference in the general shape of the 


curves. It will be seen that plotting 

, . I da . ^ 

plotting - against a. 




against 6^^, is really equivalent to 



KifuTRK 2. Eolation lxitww<n ^ and 0^, Tho joints rofor to oxjHJrimonts in which 

p dt 

the oxygon (imcorrectod) and neon jjrossures in dyne« cm. * wore respectively (1) 
2*6 X U)“« and 80; (2) 2-9 x 10 « and 115; (3) 3 0 x lO* and 113; (4) 3-4 x 10“«and58; 
(5) 3*8 X 10"® and 02; (6) 6*1 x 10 * and 102; (7) 5*3 x 10“*and 121. In figure 2a values 
oip are unoorrected and in figurfi 26 corrected for the effect of adsorption on the wire. 

The theoretical curves ore values of - -j -}, curve I being for n = 0 and ourv^e II for 

P w 


» = 1 in each case. To avoid confusion in plotting the points have in some cases been 
displaced sideways. The true abscissae am indicated by marks on the scale of abscissae. 


The difficulty of measuring gradients accurately is of course well known, 


but the shape of a curve in which 


p di 


is plotted against 0^^ is much more 
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characteristic of the type of ad8orj)tion process than is a curve showing 
as a function of and the sj>read of the points is unimportant from our point 
of view. There is no systematic trend of the points with oxygen pressure or 
with neon pressure. The calculated oxygen pressure depends markedly on 
the neon pressure (see figure 2 in the preceding paper). As the latter varied in 
the difl’erent experiments over a wide range from 58 to 121 dynes so 

that the factor giving the pressure at the wire in terms of that in the bulb B 
varied from 8 x 10^^^ to 11’5 x 10“^, the fact that the results are all consistent 
is an indication of the validity of the theory of the method. 


2. Theoky of formation of film 

In the previous paper the nature of the whole adsorbed layer of oxygen On 
tungsten has been discussed on the assumption that the most stable film is 
atomic. We shall now develop the kinetic theory of the formation of the film 
on the basis of the picture given there. Wc have seen t hat the behaviour of 
the film is consistent with the view that the state with a ~ 0*220 reached at 
very low pressures corresponds to the stable atomic film with 8 % of gaps 
occupied by molecules. These molecules are removed only by heating to 
comparatively high temperatures in the neighbourhood of 1000'''K. We 
assume therefore that every molecule which strikes a vacant site is adsorbed. 
If all the four neighbouring sites are occupied, it remains adsorbed as a 
molecule, but, if any one of them is vacant, it dissociates and the two atoms 
go into the most stable film. We could of course assume that only a fraction 
a of the molecules striking vacant sites are adsorbed, but actually, as we 
shall see, the experimental results agree with the assumption that = 1. 

A molecule which strikes a site already occupied by an atom or by a 
molecule adsorbed on a vacant site surrounded by four occupied sites is not 
permanently adsorbed, but we have seen that thei'e is a second molecular 
layer formed, the amount in which depends on the pressure of the gas. This 
must mean that molecules have a finite life on the surface in a layer above the 
stable layers. In such a layer they will presumably be mobile. Thus, even if 
the first site which a molecule strikes is occupied, it may still find its way to a 
vacant site by moving over the surface. A process of this sort will affect pro¬ 
foundly the kinetics of the formation of the film.* 

Suppose there are sites per unit area of a smooth surface. At any given 
stage in the adsorption process let be the number of sites per unit area 

♦ Langmuir ( 1929 ) mentions the existence of a second mobile layer of oxygen and 
its t^ffect in filling up the stable film, but does not refer to any experimental evidence 
in support of this view. 
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that are occupied by atoms and the number which are occupied by 
molecules on single sites surrounded by four occupied sites. The chance that 
any given site is occupied is ^ + 6^^, so that, if a molecule striking the surface 
tries one site only, the chance that it is reflected is The effect of 

mobility in an upper layer may be taken into account by supposing that, 
when^ + ^,n 1, each molecule which strikes the surface <?n/Ac makes 

n jumps, i.e. tries n-hl sites, before it evaporates. When the 

probability that all the n-hl sites tried are occupied is 

and this gives the probability that any molecule striking the surface evapor¬ 
ates. The fraction of molecules striking the surface which are adsorbed is 


+ ( 3 ) 

This assumes that the states of occupation of all the sites tried are inde¬ 
pendent. This assumption cannot be strictly correct, but its use will not 
affect the validity of the theory to a first approximation.^ 

The statistical theory of the distribution of particles in an immobile film 
formed by the adsorption of the atoms of a diatomic molecule on neighbour¬ 
ing sites, i.e. the theory of a random distribution of pairs of occupied sites, 
has been given recently by Miller and one of us (Roberts and Miller 1939). 
Up to 5 = 0*8 or a little higher this theory has been shown to be consistent 
with the behaviour of a film of this type deduced from an empirical study 
using models. If a given site is vacant, it has been shown that the probability 
that the four surrounding sites are all occupied is 


where 



( 4 ) 


Using this, the following two probabilities are obtained: 

(i) The chance that any given site is not occupied by an atom and is not 

* The experiments in which the rate of formation was measured were all made at 
very much lower preesuiea than those described In the preceding paper in which the 
amount in the upper layer was detennined as a fimotion of the pressure. In the 
present experiments therefore the actual population of this second layer at any 
iiwtant is extremely small. Thus we are completely justified in neglecting, as we have 
done implicitly, any mutual effects of such second layer molecules. We con neglect 
«dso any direct effect of moleculea in the upper layer on the value of the accommoda¬ 
tion coefficient* 


A. 


t 
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surrounded by four occupied sites, i.e. the chance that it is suitable for the 
adsorption of a molecule into the first or atomic layer, is 



(ii) The chance that any given site is not occupied by an atom, is sur¬ 
rounded by four occupied sites and is not occupied by a molecule is 

We have already seen ( 3 ) that the fraction of the molecules striking the 
surface which are adsorbed either in the atomic or the molecular form is 

We assume as before that the states of occupation of the sites are inde¬ 
pendent. The above probabilities (i) and (ii) then give us the relative numbers 
which go into the atomic film and which are adsorbed as molecules on vacant 
sites surrounded by four occupied sites. Thus we obtain finally, since 
p/(2trmifcT)* molecules strike unit apparent area per second, 


and 





di 

~ p (inmlcT)^ 


d(dmn,) 

^ P 


dt 

p( 2 nmkT)^ 

\-(e+ej 




( 5 ) 

( 6 ) 


The factor 2 occurs in the hrst expression because each molecule adsorbed in 
the atomic him occupies two sites. /> is a roughness factor giving the relation 
of the true to the apparent area of the wire and is necessarily > 1. 

Dividing equation (6) by (6), we obtain 



This is a linear equation and, since e is known explicitly as a function of 
it can be integrated. Remembering that d„, « 0 when » 0 we can therefore 
obtain numerically the relation between and 0 . It may be noted that the 
equation does not involve n. 
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Putting n, = 10^®, which w the number of tungsten atoms per unit ares of 
the (100) plane, and inserting numerical values for m and k, equations (5) and 
(6) become respectively at 300° K 



\dd 6-34x10®^^ ^^(^"^(l + e) 1 f, 

pdt- p ^ 

~(0 + 0„n 

(8) 

and 

ld<9„ 2-67xI0*^^“'^^(r+^) 

p'dt ~ p l-(d + 0J ^ 


(9) 


Since we now know as a function of 6 we can calculate the values of 

“~and^*^~from (8) and (9) for any value of 0. 

In equation (1) we have defined d„ the apparent value of 0 deduced from 
the accommodation coefficient a as 

_a-0057 

“ “oalo ’ 

0-130 being the change in accommodation coefficient when 0 changes from 
0 to 1 and when =* 0. We retain the general picture which led us to adopt 
this equation. In addition to a linear relation between a and 6 we assume a 
linear relation between a and That is, we put 

o = 0-057+ 00130<? + /f(9„, (10) 

where Af is a constant. With 0 = 0-92 and = 0-08 we have seen that 
a * 0-226. Substituting these values in the last equation we obtain 

0-613, (11) 

and thus, using (10) and (II) in (1), 

( 12 ) 

1 dO 

Hence “ , which is what we have measured and plotted in figure 2, is given 

p at 

by 

I de^ _ldff ^ 
p iU pdi p dt 

~^and have already been calculated from the theory. Using them in 
this last equation we obtain the theoretical value of^ ™. We assume for the 
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moment tliat /> = 1 and plot the theoretical - as giving the theoretical 
1 dtO 

- Tlxis assumption is discussed at the end of §3 and in §4. Curve I in 
p at 

figure 2 a is the theoretical curve for n = 0 and curve II that for » = 1. 


3. Steadiness of the peessurk and the effect on it of 

ADSORPTION ON THE WIRE 


It has already been mentioned that no values of dajdt were measured 
earlier than 2 min. after the admission of the oxygen to the bulb B (figure 1 of 

the preceding paper). For the group of observations of plotted in figure 2 

for d^ = 0-1 8, the times after admission of the oxygen varied from 2 min. to 
3 min. 50 sec., and these observations showed no systematic trend with this 
time. Now the time taken for the pressure at the wire to build up to its steady 


value will not depend on the actual pressure. Thus observations of - a 

given da taken 2 min. and 3 min. 50 sec. after admission of the oxygen would 
only be in agreement, as they are, if in both cases the pressure had reached its 
final steady value. An approximate theoretical calculation of the rate at 
which the steady flow would be established supported this experimental 
conclusion. 

In order that the pressure p at the wire may remain steady during the 
course of an experiment, it is necessary that the amount of gas flowing to the 
charcoal C (figure 1 of the preceding paper) should be considerably greater 
than that taken up by the wire in the same time. If this condition were not ful¬ 
filled, variations in the rate of adsorption on the wire would produce marked 
variations in the oxygen pressure in its neighbourhood. It was therefore 
necessary to use as fine a wire as possible (radius 5-55 x 10~* cm.) and to make 
it as short as was consistent with reasonable accuracy in the thermal measure¬ 
ments (length 3-67 cm.). It was also necessary to make the tube between the 
wire and the charcoal C as wide (2*58 cm. diameter) and as short (28 cm.) as 
was practicable. Even so the correction for the effect of adsorption on the 
wire was not negligible and was obtained by calculation. 

Wo return to figure 1 in the preceding paper and to a consideration of the 
flow through the system. Let Apa be the pressure at the point P as before. 
Let the resistance on the left, including that at the surface of be i^he 
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resistance between P and W be and that from W to C including the 
effect of the surface of 0 be Rfpc. The flow on the left is 


and that on the right is 


Fpo: 


n + 

^WC 


(13) 

(14) 


where is the pressure at the wire and is the number of molecules 
adsorbed on the wire per second. If is the number of molecules taken up by 
the charcoal per second, 

(15) 

Using (15), we obtain from (14) 


Pto _ _ .. 

^Pd ^WC + ^Pwi ^ + ^wl'^e) 


From (13) and (14) and equation (9) in the preceding paper for the flow 
through the capillary it can be shown that Ap^jApi is not appreciably affected 
by the inclusion of the effect of adsorption on the wire even when this has its 
maximum value, i.e, when every molecule striking the surface is adsorbed. 
Api is the pressure drop in the capillary. Thus we can still use the values of 
Apdl^Pt given as a function of the neon pressure in equation (11) of the 
preceding pai>er. We obtain finally 


At a given neon pressure the first factor on tlie right can bo plotted as a 
function of njn^. The second factor is independent of and is known. 
The third factor is, as we have already seen, the pressure of oxygen in the 
bulb B. Thus, if nJUf. is known, is known. We now consider how n^/n^ is 
obtained. 

If \n,dd molecules per unit area go into the atomic film and n,d0„ 
molecules per unit area go into vacant sites surrounded by four occupied 
sites, then from equation (12) it can be seen that changes by 

.. _^ __ 

I ^4-1% {didjdey 


Thus 


( 18 ) 
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The rate of increase in the number of molecules adsorbed on the wife per 
unit area is 



d0 

dt' 


This, if r is the radius and I the effective length* of the wire, we have using 
(18) 


_ 2nrlon ^ - -i- ^ 

~ + 4.72(d0„/d6»)^,„. dt • 


We have further 


_ 1 

Pw ^wc ’ 


and thus, dividing one equation by the other, 


Vlb 


= 2Tirlpn^R^r(^ 


\±WE\ - 1 ^ 


(19) 


ddjdd is known as a function of 0^ and dOJdt is measured at a given 0^, We 
assume for the moment /? = 1 . Thus, using the first approximation value of 
tmcorreoted for adsorption on the wire, i.e. with « 0 in equation 
(17), we obtain from (19) an approximate value of Using this in (17), 

we obtain a second approximation to and thus a more accurate value of 
njnc and so on. It was not necessary to go further than the third approxima¬ 
tion to 


1 d(^ 

Values of using the pressures corrected in this way are plotted in 

figure 26. Comparison with figure 2 a shows the magnitude of the correction. 
The application of the correction tends to exaggerate the effect of any errors 
in measuring dSJdt, for, if ddjdt is too large, the value deduced for njii^ is 
too large. This makes the value of p too small and that of 1 jp too large. Thus 
the spread of the points tends to be increased. 


1 do 

The sign of the disagreement l)etween the absolute value of ™ at 

« 0 and the theoretical value shown by the curves I and II is important. 
Up to the present we have assumed that the roughness &ctor p is unity. It 
must in fact be greater and measurements of the amount of hydrogen ad¬ 
sorbed on tungsten (Roberts 1935 ) show that, if the ( 100 ) plane is the impor¬ 
tant one as we have assumed here, it probably lies in the ne^hbourhood of 


* In obtaining the effective length it was necessary to take account of the fact that 
small lengths near the ends were not heated to a sufHoiently high temperature to 
clean them. Concordant estimates of these lengths were obtained by calculation and 
by direct observation with an optical pyrometer. 
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1'4.* If we use a value of p greater than unity in equation (19), weobtaina 
higher value of n,Jnf, than \ip is taken as unity. Thus we obtain a lower value 




of p and the experimental values for - lie higher than those shown in 
figure 2 b. On the other hand reference to equations (8) and (9) shows that the 

n 

theoretical curves are really curves for - ~ , i.e. the theoretical curves for 

p at 


- ~ would he lower, each ordinate being multiplied by a factor Ijp. Thus 

even for quite a small value of p the discrepancy between the theoretical 
and ex|>erimental values at 0^ — 0 would become considerable. Simple 
mechanical considerations suggest that the cause of this apparent difficulty 
lies in the failure of the linear relation between a and 0. We shall discuss 
this in the next section. 


4. Shielding effect of adsorbed atoms 

The reason for this failure is that, when a film is complete or nearly com¬ 
plete, the atoms in it shield each other so that each one of them receives less 
impacts from neon atoms than it would if it were an isolated adsorbed atom. 
The exact calculation of the effect of this would require a more detailed 
knowledge than we have of the shapes and behaviour of the atoms concerned 
but the following treatment indicates the order of the effects that are Ukely 
to rise. 



Cme 1. The absorbed particles are spheres of radius r resting on a flat 
plane ^iS as in figure 3a. The gas molecmles are also spheres of radius r. No 
impinging molecule can hit the adsorbed molecule lower than the circle 
where the plane parallel to AB through 0 cuts the sphere. If the centre of a 
molecule in the gas lies on a line making an angle ^ with the normal to AB 

* In the earlier paper it was assumed that the (110) plane is the important one. 
This has ^/2 times as many atoms per unit area as the (100) plane. 
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through 0, the effective collision area is 27rf^(l -h cos ^). Using this, the total 
number of gas molecules striking the adsorbed molecule per second is 


Pz 

{2nm^kf)^ 


X 67rr*, 


where is the pressure of the gas and the mass of the gas molecules. 

Case 2. The adsorbed particles are hemispheres of radhis r. The gas mole¬ 
cules are spheres of radius r. No impinging molecule can hit the adsorbed 
molecule lower than the circle where a j)lane parallel to and a distance 
r/2 from it cuts the hemisphere as in figure 36. If the centre of a molecule in 
the gas lies on a line making an angle ^ with the normal to -diS through 0, 
the effective collision area is 


47rr^ cos* cos from ^ = 0 to 

and 27rr*{l *f cos + ^)}, from ^ ^ to = n/2, 

where ^ = tt/G. Using this, the number of gas molecules striking the ad* 
sorbed molecule per second is 

Case 3. The adsorbed particles are spheres of radius r. The gas molecules 
are mass points. The effective collision area for a gas molecule is always jrr* 
and the number striking the adsorbed particle per second is 


__ 

(2nm^kTji 


X 2nr^, 


It is evident that we shall not overestimate the efiFect wo are considering if 
we take the number of impacts per second for an isolated adsorbed particle 
as {Pil{2inmgkT)^} 2nr^. If on the other hand the surface is fully covered and 
d is the distance between neighbouring adsorbed particles, the number of 
impacts per second on each particle may be taken to a first approximation as 
{pJ(2nmfkT)^}d^, provided d is not much less than 2r. 

In applying these results we assume that, if an adsorbed particle is sur¬ 
rounded by four vacant sites, it receives {pJ{ 2 nm 2 kT)*} 2 nr^ impacts per 
second and, if it is surrounded by four occupied sites, it receives 

{pJ(2vm^kTy‘}d? 

impacts j)er second. If an adsorbed particle is surrounded on the average by 
X occupied neighbouring sites, we assume that each particle receives 


Pi 


(2nmikT 


y: 


27iT*-{2wr*-rf*)- 
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impacts per second. The 6n^ adsorbed particles on unit area of the surface 
receive 


or, since « 1 /d®, 

(2nm^kT)^ \d^ \> M| 


impacts per second. We assume that the change in the accommodation co¬ 
efficient a is proportional to the number of impacts with adsorbed particles 
and put 


/ / 27 rr® \x\ 


( 20 ) 


where Uj and are the values of a for 0^1 and 0 = 0 respectively. 

In order to include the effect of molecules adsorbed on vacant sites sur¬ 
rounded by four occupied sites, of which there are area, we 

must add a term and obtain 


a = Oo + (ai-Ou)(9 



+ 


( 21 ) 


It is reasonable to assume a linear terra in (9^ since these molecules are so far 
apart as not to influence eacli other, k will have the same value 0*613 as 
before in equation ( 11 ). 

For the immobile film formed by dissociation of diatomic molecules 
(Roberts and Miller 1939 ) wo have 

l + 2d 

" T-IO- 


Using this and assuming d ~ 2r, we obtain 

o = a„ + («! - Oo) dji - j (I -1) fipj + 0*6l3d„. 

We have Oo = 0*067, and for d„, = 0 and 6 — 0*92 we have a = 0*177. Thus 
finally 

o * 0*067 + 0*126d[l*671-0*571~^pij+0*613d^. (22) 


The method of reducing the experimental results was as follows: 

(i) Using ( 22 ) we plot the relation between a and 6. It must be remembered 
that is known as a function of 0 (equation (7)). 

(ii) Differentiating (22) we obtain dafdS as a function of 6. 
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(iii) Using (i) and (ii) we plot d6lda as a function of a. 

(iv) Thus from the measured values of dajdt as a function of a we obtain 
ddjdt as a function of 6. 

(v) Since for any 6 we know the relation between dO^ and ddy we can 
obtain from (iv) the value of dd^jdt as a function of 6. 

(vi) For a given area of wire, roughness p and sites per unit are of smooth 
surface n,; we can therefore obtain the number of molecules adsorbed per 
second for a given ddjdt. This as before we call 

(vii) We now proceed as in § 3 to correct for the effect on the pressure of 
adsorption on the wire, the only difference being that we now work in terms 
of 0 and not of 0^. 



Figure 4. Kelatiou between ~ ^ and 6^, assuming the relation between o and 0 given 

P ^ 


in equation (22) and p = 1*2. The theoretical curves I, II, III are for n = 0, 1, 2 
respectively. 


The roughness factorwas assumed to be 1*2. The observed values of 

are plotted against 6 in figure 4. Theoretical values from equation (8) of 

^ for w == 0, n = I and n = 2 are shown by the curves. It is at once evident 

that the effect considered works in the right direction, since even with a 
roughness factor 1*2 the theoretical and experimental results at 0 = 0 are 
now in agreement. Actually the roughness factor is probably greater than 
1*2, but, as we have said, we have underestimated rather than overestimated 
the lack of linearity in the a, 0 relationship. 
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It is important to note that the general form of the relation between 

and 0 is what would be expected for the system to which oxygen has 

been shown to belong in the previous paper, i.e. a stable film with a less 
stable and presumably mobile film above it, and th^tt, as inspection of the 
earlier figures 2 a and 2 b will show, this general conformity is not brought 
about by the rather elaborate method of reduction used in the present section. 

Shielding will also affect the form of the isotherm for the upper layer dis¬ 
cussed in the previous paper. This question will be considered elsewhere later. 


In conclusion we should like to thank Professor Rideal for his encourage¬ 
ment. 


SUMMABY 

The method described in the preceding paper has been applied to the study 
of the kinetics of the formation of oxygen films. If 6 is the fraction of the 
sites on the surface which are oceuj)ied by adsorbed oxygen at time it has 
been shown that at constant pressure the variation of dOjdt with 0 is what 
would be expected for the system to which oxygen has been shown to belong 
in the preceding pa^KJr, i.e. a stable film with a less stable and presumably 
mobile film above it. The fact that the particles in this upper layer can 
migrate and thus have an increased opportunity of finding a suitable vacant 
place where they can be adsorbed into the stable film affects markedly this 
relation between dO/dt and 0. 

The relation between the accommodation coefficient a and 0 is also dis¬ 
cussed. 
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[Plates 1. 21 
Introbttction 

The spectra of the diatomic hydrides of litliium, sodium and potassium 
have been studied both in absorption and in emission by several authors, 
LiH by Nakamura ( 1930 , 1931 ) and Crawford and Jorgensen ( 1935 ), NaH 
by Hori ( 1930 , 1931 ) and Olsson ( 1935 ), KH by Almy and Hause ( 1932 ) 
and Hori ( 1933 ), and recently Almy and Rassweiler ( 1938 ) have published 
details of the absorption spectrum of caesium hydride. All these hydrides 
show spectra of the many-Una type consisting of numerous overlapping 
bands with open rotational structure and no obvious heads. A rotational 
analysis shows that they all have the same type of electronic transition, 
^2' ^2*, and are very strongly degraded towards the red. These spectra 

are all anomalous in that the frequency, fi;', and the rotational constant, 
JS', increase at first with increasing initial vibrational quantum number v\ 
Although all the other alkali hydrides appear to give readily observable 
spectra in the visible region there is to our knowledge no published record 
of the spectrum of rubidium hydride.* During the course of our investiga¬ 
tions of the spectrum of manganese hydride ( 1938 ) a simple form of discharge 
tube was designed which formed a very intense and economical source for 
studying the emission spectra of hydrides, and as rubidium seemed Ukely 
to yield a spectrum fairly readily in a tube of this type it was decided to 
make an investigation of this spectrum. 


SOITRCE ANO APPEARANCB OF THE SPEOTBtJM 

The discharge tube used was of the same design as that used for manganese 
hydride, and it has already been fully described ( 1938 ). It consists of 


♦ A prolirninory note on this apeotrura has been published by ourselves ( 1938 }. 

[ 28 ] 
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a large-bore (3J cm.) Pyrex tube with a large aluminium electrode at each 
end and with a smaller bore quartz tube supported in a steel cradle in the 
middle of the larger tube. This quartz tube was of a rather larger bore than 
that used formerly with manganese, as the rubidium, having a lower boiling 
point (around 700'' C), required a lower temperature to volatilize it. A small 
piece of metallic rubidium, previously cleansed of oil by rinsing in ether, 
was placed in the quartz tube. A steady flow of hydrogen from a com¬ 
mercial cylinder was passed through the tube at a pressure of a few milli¬ 
metres; a 2500 V, 7^ kVA transformer served to maintain the discharge. 
A few^ trials showed that a spectrum of the type expected for rubidium 
hydride was readily produced and that about 10 mm. internal bore was 
a suitable size for the quartz tube, which was constricted slightly at each 
end. After a few minutes' running this tube became heated by the discharge, 
and the iiibidium line spectrum and the hydride bands appeared strongly. 
When the hydride bands were relatively strong the discharge through the 
quartz part of the tube was pale greenish yellow in coloui’. This discharge 
tube proved much more suitable than the usual form of vacuum arc which 
has been used for most of the other alkali hydride spectra, only 1 g. of metal 
being used during the whole course of the experiments in which about 
a dozen plates were taken on a large spectrograph. 

It was considered preferable to observe the spectrum in emission rather 
than in absorption. For the alkali hydrides, which show a very open 
Franck-Condon parabola, only those absorption bands are obtained which 
correspond to transitions from low values of v" to high values of v\ and 
hence the values of the upper vibrational quantum number, v\ are difficult 
to assign with certainty. Moreover the practical difficulties, that rubidium 
vapour, Rbg, itself absorbs strongly and that it rapidly attacks the windows 
of the absorption cell, are avoided. 

The spectrum (Plates 1,2) was photographed in the first order of a 20ft. con¬ 
cave grating with a dispersion of 3*8 A/mm. Several plates were taken with 
exposures ranging from 10 to 45 min. using a current through the discharge 
tube of between 0*3 and 0-6 amp. An iron arc comparison was used against 
all the exposures, and measurements were made, in regions where it was 
possible, against iron lines whose wave-lengths have been recommended 
by the International Astronomical Union. 

The spectrum is strongest in the yellow region, but extends from about 
4600 A to the limit of sensitivity of the photographic plates used, about 
6600 A. It is essentially of the many-line type and presents no obvious 
heads or regularity. In all, nearly 2000 lines attributed to rubidium hydride 
have been measured. In view of the large bulk of data it has been decided 
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not to present the measurements in lull but to reproduce spectrograms of 
the whole 8 j)ectrum indicating a few of the strong lines of each band to show 
the trend of the analysis. These reproductions are taken from three different 
plates with different exposures, and cannot therefore be used without dis- 
crimination as a guide to the intensities, the strongest portion of the 
spectrum in the region of the sodium 1 ) lines being from a 10 min. exposure, 
while the ends of the spectrum are from plates exposed for 40 min. The 
spectrum from the blue to the yellow as shown is fairly clean, but the last 
three strips at the red end contain a rather strong secondary hydrogen 
8 j)ectrum. 

The secondary spectrum of hydrogen was always at least slightly visible 
on the plates. In the longer exposures when the vapour pressure of rubidium 
was kept fairly low, so as to retain some of the metal in the quartz tube for 
as long as jiossible, the red end of the spectrum was rather heavily overlapped 
by the hydrogen. Although this confused the appearance of the spectrum 
somewhat the work of analysis was increased very little as the dispersion 
was sufficient to resolve most of the lines without doubt. The tables of 
wave-lengths and intensities of the hydrogen secondary spectrum published 
by Gale, Monk and Lee ( 1928 ) were used to identify the lines due to hydrogen. 
It may be of interest to note here that the intensity distribution of the 
lines of the secondary hydrogen spectrum taken with metallic rubidium in 
the discharge tube differed remarkably from that in the same tube when no 
rubidium was present. The line spectrum of rubidium was of course also 
present on all plates showing the hydride bands. 

The spectrum obtained was fairly free from other impurities. The sodium 
P lines were present on all plates, but with rather variable intensity. The 
green sodium doublet was not observed. The potassium doublet in the 
violet and a few other lines duo to this metal were present, but not strongly. 

only other impurity of any strength was zinc; this was presumably 
present as an impurity in the aluminium electrodes, light from one of which 
passed through the quartz tube towards the slit of the spectrograph; the 
main zinc lines were strongly present on most of the plates, but as the zinc 
hydride bands in the violet were not observed the presence of the zinc was 
immaterial. 

After eliminating the lines due to hydrogen about 85 % of the measured 
lines were definitely assigned to rubidium hydride, and the remainder were 
almost all of very low intensity. The shorter wave-length end of the spectrum 
was accounted for very well, and the few unused lines in this region ore 
presumably to be attributed to very weak additional bands or to the weak 
tails of the branches of the bands analysed. In the red the number of unused 
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lines is rather larger and there are a few lines of moderate intensity around 
6300 A which we have not succeeded in fitting into the scheme, but they 
show no obvious regularity and are not sufficiently numerous or strong to 
justify an attempt to arrange them into another system. The bands of 
rubidium, Rb^, lie in the red, but these are usually only observed in absorp¬ 
tion and would not be expected to show rotational structure with the 
dispersion used in these investigations. 


Rotational analysis 

At first glance the spectrum appears to be a confused mass of lines with 
no obvious regularities, but on closer study may be seen to consist of a 
number of branches the lines of which are widely spaced and open out 
towards the red by about 3 cm.”^ at each step. These branches occur in 
])air8, and comparison with the hydrides of the other alkali metals suggests 
that they are the P and R branches of a ^2’ transition. For the stronger 
bands it is possible to state at once which is the R and which is the P 
branch, as in the region just to the red of the origin the R lines, having 
a larger value of the rotational quantum number K and hence a greater 
statistical weight, are stronger than the adjacent P lines, while at the tails 
of the branches, whore the rotational energy is large, the intensities are 
reversed as the population in the various initial levels falls off with increasing 
energy according to the usual Maxwell-Boltzmann factor. In the neighbour¬ 
hood of the origins the lines of the branches are very weak, and it has only 
been possible to follow the branches to the single missing line for a few 
of the strongest bands which are most free from blends due to overlapping 
bands, viz. (7,0), (6,0), (5,0), (3,1). The analysis shows that the system 
is very strongly degraded towards longer wave-lengths and only two lines, 
^(0) and J?(l), lie to the violet of the origin in each case. In all oases the 
lines of a band can be expressed within the exf)erimental error by the usual 
type of formula, 

K\K* + 1) + i>'. K'HK' + 1)“] 

^[B\K(K ,(K + i)% 

where K is the rotational quantum number for the final electronic state 
and takes integral values 0, 1, 2, K* ^ K^l for the R branch and 
K-\ for the P branch; is the wave number of the origin or missing 
line’^; end B\ D* and B'\ D"' are the constants of the rotational energy 
term for the initial and final electronic states respectively. 
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A higher term, in K\K +1)^, does not seem to be necessary. The agree¬ 
ment between the combination differences for the various bands indicates 
that the measurements of unblended lines of satisfactory intensity can be 
relied on to 0-2 but that very weak or blended lines are in some cases 
in error up to 0*5 cm. 

The combination differences, 

- R{K)^P{K) « (4A: + 2)[,B'-f 2i)XAHir+l)] 

and Al(K) = R{K -- 1) -» P{K + 1) - (4A^ + 2) [B" + + A> 1)] 

for the initial and final electronic levels respectively have been derived for 
all the bands of sufficient strength, and the values of the rotational energy 
constants B\ D\ R" and D"' have been obtained from these by a method 
of successive approximation, using only the combination difterences between 
unblended lines. The averaged values of these constants for the various 
vibrational levels of the initial and final electronic states are presented in 
tables 1 and 2 as the values headed “obs.’^ 

Judging from the agreement between the values obtained from the 
various bands, the observed values of the constants should not be in error 
by more than the following amounts: 

0*002 (except for v' JOO and 11 where it may be 0*006); 

1)', 0*000005; B", 0*001; D'', 0*000003. 

The values of B„ for the various vibrational levels are usually expressed 
as a power series of the form, 

B^j - + agt^^ + agU^ + etc., 

where w = v being the vibrational quantum number. 

Using an expression of this form, the following values of the constants 
ore obtained: 

Initial state: B^ = 1*231, % =*= -h0-023 

ajj = - 0-00327, 0-000108 

Final state: B^ » 3-020, = - 0*072, == + 0-0003. 

The values headed '‘calc.'"’ in tables 1 and 2 are obtained by use of these 
formiilae. 


ViBBATIONAL AKAUYSIS 

The vibrational analysis of the spectrum is shown in table 3 in which 
the wave numbers of the origins of the strong bands are arranged in the 





























































































33 


The spectrum of rubidium hydride^ RbH 

uBual type of array. This analysis is confirmed by the rotational term 
differences of both the initial and final states which agree to well within the 
ex}>eriinental error. 


TABiiis 1 . Rotational enekgv constants for thk initial level 



B' obs. 

B' calc. 

IJ' obs. 

0 

1 *1541 

1-242 

-0 000107 

1 

1*258 

1-2585 

000098 

2 

1-271 

1*270 

000092 

S 

1-277 

1-270 

000090 

4 

1-279 

1-278 

000088 

5 

1-277 

1-277 

000087 

6 

1-272 

1-272 

000082 

7 

1-267 

*-265 

000084 

8 

1-269 

1-257 

000080 

0 

1-249 

1-247 

0(M)076 

10 

1-237 

1-237 

000077 

11 

1-225 

1-227 

— 

Table 2 . 

Rotational energy 

CONSTANTS FOR THE FINAL LEVEL 

v'^ 

B" obH. 

B" calc. 

D" ob 8 . 

0 

2-984 

2-9840 

- 0 - 0()()122 

I 

2*912 

2-9127 

000120 

2 

2-841 

2-8419 

000120 

3 

2-771 

2-7717 

000U8 

4 

2-702 

2-7021 

000117 

5 

2-033 

2-0331 



The vibrational scheme is very similar to that for the other alkali-metal 
hydrides in showing a very big change of vibrational frequency from the 
ground to the excited electronic state, and an anomalous excited state in 
which the values of (o' at first increase with The ground state is normal, 
and the values of v" are not in doubt; the values of the molecular constants 
Wc, and B'* for the alkali-metal hydrides, LiH, NaH, KH, RbH, and 
CsH show a regular progression. It is more difficult to be sure of the assign¬ 
ment of the values of the upper vibrational quantum number i/; a r*ecent 
note by Imanishi ( 1939 ) on the spectrum of potassium deuteride seems tu 
indicate that the values of 1 / for KH assigned from an analysis of the 
emission spectrum are correct, and as the change of vibrational frequency 
between the two electronic states is shghtly less for RbH than for KH it 
may reasonably be hoj)ed that this assignment is also correct. A further 
band, which on the present assignment of quantum numbers would be 
represented by the inadmissible symbol ( — 1,3), has been carefully calcu¬ 
lated line by line by extrapolation of the various constants of the analysis. 


Vol. 173 . A. 
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and compared with the measurements and spectrograms, but no trace of 
this band has been observed. Thus it seems likely that the values of as 
given are correct. A study of the rubidium dcuteride spectrum would 
settle this definitely. 


Table 3. Vibrational scheme for RbH 

Averagt^ 


t; \ 

" 0 

1 

2 

3 

4 

5 

difforonce 

0 




15921 0 
15921-1 




1 



17027*1 

16173-2 

15346-9 


^ 4 J ^ A 

2 ! 


18167-1 

17027-4 

17286-0 

16173-4 

16432-1 

15346-2 


258*9 



18167-^A 

17286-2 

16432-2 



264*66 

3 

19340-7 

18431*8 

17660-6 





J9S40’6 

18431-8 

17550-7 




269*3 

4 

19H09-8 

18701-1 

17820*0 


16138*6 

16337 7 


! 

18701-1 

17820-0 


16138-8 

15337-9 

273*0 

5 

198S2-7 

18974-0 



16411*7 

16610*7 


198H2'7 

18974-0 



16411-7 

15610-8 

276-6 

6 

20158-3 

19249-6 


17614-5 

16687*3 




19249-4 


17514-3 

16687-1 


277*3 

7 

! 20436*6 

19626*7 


17791*8 



8 

! 2(}485'e 
20714*1 

19526-9 

18924*2 

17791-8 

18070*2 



278*45 

9 

20713-9 

20992*8 


18924-1 

19202*8 

18070-1 



278-65 


20992-6 


19202-8 




278-6 

10 

21271*3 


19481*3 





21271-3 


19481-5 




277*0 

11 

21548-3 

21548-4 







Average 

»()8'7 881' 

13 853'93 827-25 800-95 


diffe¬ 








rence 









The origins of the bands presented in table 3 are the average values 
calculated from about six unblended lines of moderate intensity near the 
origin of each band by using the values of the rotational constants derived 
from the term differences. These values of the wave numbers of the origins 
of the strong bands can be relied on to 0-2 cm." ^ 

In calculating the vibrational constants and formula to represent the 
origins of bands, many authors have used a graphical method. This was 
tried for rubidium hydride but failed to give convincing results, osfiecially 
for the excited electronic state in which the value of the first difference, w, 
is changing so rapidly near the origin of the system that the extrapolation 
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from (i)^ back to o)^ appears very uncertain. If we assume that for low 
values of the vibrational quantum number, v, the vibrational levels can be 
represented with suHicient accuracy by the formula, 

^ A 4- ?/e We. 

Avhere u = A, then it follows that, 

the first difference, A^(u + — (o^, + x^(t}^(2u -h 1) + y^(o^{Su^ + 3'W + 1) 

and the second differer)ce, A^iu) = 

while the third difference should be constant at if higher powers of u 
are negligible. 

Applying this to the observed differences of the initial state it is found 
that the third difference is nearly constant at 1 *0 cm. 'h ^^^nd using =1/6 
the values of and (j)^ were then calculated with reasonable accuracy. 
A similar procedure was adopted for the final electronic state and then 
using these constants the value of the electronic frequency, was calcu¬ 
lated. 

Using the values of and thus obtained, the coefficients of the 
higher ])owers of a, i.e. those of and were calculated from the? 

observed origins of the (4,0), (7,0) and (10,0) bands by the solution of 
three simultaneous equations. 

The following formula was obtained: 

V = 180()6*4 4- (244-6u' 4 4-1 u ''^ - 0- J 69a'» - 04)0()838a'-^ + 0 000116a'^) 

- (936-77a" - 14d5a''2 + 0-075a"'^). 


This formula is found to represent the origins of the bands to within 
0*3 cm,~^; the values obtained are shown in italics in table 3. The coef¬ 
ficients of u, and are undoubtedly fairly accurate, but the coefficients 
of and may not be reliable, as the introtiuction of terms in or 
higher powers would probably result in an amendment of these. The dif¬ 
ferences between the observed band origins and the calculated values, 
which are never greater than 0*3 cm.“^, are slightly systematic, and the 
discrepancies are probably due to the imperfection of the formula rather 
than to the experimental measurements. 


Conclusion 

The spectrum of rubidium hydride is very similar in all resjiects to the 
spectra of the other alkali-metal hydrides. A comparison of some of the 
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molecular constants of these hydrides, including some preliminary values 
of those for RbH, has already been published by one of us (R. W. B. P.) 
( 1939 ). For the ground electronic state the molecular constants are ex¬ 
tremely close to those predicted by interpolation between those of KH and 
CsH. For the excited state it seems that for some of the alkali-metal hydrides 
it may be necessary t^o recalculate the formulae for the vibrational levels, 
as the values obtained for the molecular constants depend considerably 
on the a(!curacy with which the formula represents the observations and on 
the method of calculation of the formula. For sodium hydride the data 
for the upper electronic state are not complett^, and measurements of this 
8 j)ectrum are at present in progress in this laboratory by Mr R. G Pankhurst. 
A detailed comparison of the molecular constants of this very similar group 
of molecules will therefore be deferred until these measurements are 
complete. 

The vibrational intensity distribution in the spectrum of rubidium 
hydride, and the potential energy functions of this molecule, are dealt 
with fully in the following paper, in which an attempt is made to com[)are 
the observed intensity distribution with that obtained from a wave- 
mechanical treatment. 


Summary 

A band spectrum attributed to rubidium hydride, RbH, has been 
observed in a discharge tube source? containing metallic rubidium and 
hydrogen. The spectrum has been photograplied on a 20 ft. concave grating 
sj>ectrograph, and a rotational and vibrational analysis has been made. 

The spectrum is of the “many-line” type characteristic of the alkali- 
metal hydrides, and is produced l)y a ^ 2 * electronic transition. 

The band system is strongly degraded to longer wave-lengths, corre¬ 
sponding to a large change of the vibrational frequency ; (o^ is 93 (v 77 
for the ground electronic state and 244-6 cm.-’ for the excited state. 

The (ionstants associated with the vibration and rotation of the molecule 
have been calculat/ed for the ground and excited electronic states. The 
excited state shows anomalies similar to those observed for the other 
alkali-metal hydrides. 
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The spectrum of rubidium hydride, RbH 

II. Potential curves, wave functions, and 
intensity distribution 

By a. G. Gaydon, Ph.D., Beit Scientific Research Scholar, and 
R. W. B. Pearsk, Ph.D., Lecturer in Physics, Imperial College, 

London, 7 


{Communicated by A. Fowler, F.R.S,—Received 29 May 1939) 

iNTliODirCTlON 

In the j)receding paper an account has been given of the analysis of the 
spectrum of the rubidium hydride molecule, RbH. It is the purpose of this 
pa])er to derive the }>ot;ential curves from the observed constants and to 
study the interesting vibrational intensity distribution which is a feature 
of this spectrum. In addition to a very open Franck-Condon parabola, 
similar to that obtained for the other alkali-metal hydrides, there is for 
RbH a well-marked second parabola and a weak third parabola. Such 
subordinate parabolae have been observed previously, e.g. Herzberg ( 1932 ) 
noted the effect for phosphorus, Pg, and Almy and Kinzer ( 1935 ) in their 
analysis of the spectrum of arsenic, Asg, drew attention to indications of 
several parabolae as loci of the strong bands. The classical Franok-Condon 
treatment of the vibrational intensity distribution accounts only for the 
main parabola; to explain the others it is necessary to apply the methods 
of wave mechanics. Hitherto, these subordinate parabolae have only been 
observed for molecules with extensive close-structured band systems; in 
the spectrum of RbH is a beautiful example combined with an open struc- 
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ture, the rotational analysis of which has been completed, thus enabling 
the potential energy functions to be derived accurately. This is therefore 
an especially favourable case in which to study the intensity distribution 
in detail. 


Observed intensity distribution 

The relative intensities of the bands have been estimated visually on a 
scale of 0 to 10 ; these estimates are presented as an array in figure 2a at the 
end of this pajier so that they may be compared with the calculated values. 

The intensity estimates have been made from the strongest unblended 
lines of each band. No allowance has been made for variation of sensitivity 
of the photographic plate with wave-length; the plates used, Ilford Hyper¬ 
sensitive Panchromatic, are rather less sensitive around 4900 A than for 
neighbouring wave-lengths, and the sensitivity falls off' sharply beyond 
6500 A. Bands in the far red which, owing to low plate sensitivity are not 
observed satisfactorily, are indicated by the letter P. The arbitrary esti¬ 
mates on a scale of 10 do, however, serve to locate the three parabolae quite 
definitely and are sufficient for the purpose of the present investigation. 

It will be seen from figure 2 a that the strongest bands are located on a curve 
of approximately parabolic form passing near the bands (7,0), (4,1), (3, 2), 
(2,3), and (1,4). There is also a marked second parabola of fairly strong 
bands passing through the (9, 2 ), ( 6 ,3) and (5,4) bands. A further, third 
parabola passing through the ( 10 ,4) and ( 8 ,5) bands is also quite definitely 
indicated. The three parabolae are marked in figure 2 a. 

The potential curves 

The potential curves for the two electronic states of the molecule may be 
constructed, for values of the intemuclear distance not far removed from 
the equilibrium position, by making use of the results obtained by Dunham 
( 1932 ). Dunham assumed a potential function of the form 

for a rotating vibrator and used the Wentzel-Brillouin-Kramers method 
of solving the wave equation to calculate the energy levels. The parameter 

f ^ 

g -^ where is the equilibrium value of the intenmelear distance. 

The energy levels were obtained in the form, 
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where v and K are the vibrational and rotational quantum numbers respec¬ 
tively. Expressions are given by Dunham for the first fifteen of the 
in terms of the classical frequency of small oscillation, and the a's, 
where — hlHnh/ir^. In the expression for /i is the reduced nuclear 
mass = MiM^KMi -f Jf 2 )» h is Planck’s constant and c is the velocity of light. 

Since the analysis of the spectrum provides observed values of the 
coefficients in the expression for the energy levels, we may use Dunham’s 
results to work back to the values of the coefficients in the expression for 
the potential. For the purpose of this paper the expressions for the F’s 
may be simplified by neglecting many small terms. The approximate 
formulae used here are as follows: 


«o = 


«i 



aj = faf + 


2x.<i)- 


3JS, ‘ 




In the previous paper the energy levels have been obtained in the form,* 


0(v) ^ + i) + x^(t)^{v + 4 , 

F(K) - + 

JS,, ~ + i) + a3(t;4-^)^+.... 


The coefficients oj^ and B^ observed in this way do not quite correspond to 
<i)^ and B^. as defined above, but the correction terms given by Dunham are 
too small to be of importance in this paper, being of the order of one part 
in two thousand. 

For the initial electronic state the values of the observed constants are 


= 244*6; xjo^ = 4*1; 

B^ = 1*231; aj = 0*023; = -0*00327. 

These values yield for the potential energy in cm.“'^ the expression 
u(^) - 12150^2(1-0*038^ + 0*240^2_4*8g3...). 


* The usual convention is to place negative signs before the coelficients w, and 
ccit but, owing to the anomalies in the upper electronic state, wo have found it less 
Confusing to use all positive signs in this formula throughout the paper. 
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Similarly for the ground state, 

<0^ = 936-8; = — 14-15; 

- 3-020; a, -0-072; ag - 0-0003; 
and u(g) - 72509^-^(1 -2-198^+2-683^-1-32^3...). 

The value of is obtained from the relation 

= h/Sn^c/ir^, 

For the initial state = 3-698 A and for the final state = 2*362 A. 

In figure 1 the potential ciu-ves are plotted on the same scale. The broken 
curves represent the parabolae obtained by using only tlie first term of 
each of the potential func^tions; the full lines represent the com))lete expres- 
sion. From these curves can be seen clearly the remarkable change in 
binding arising from the excitation of the single valence electron of rubidium 
from the 5^ state to the 5p state; the equilibrium internuclear distance is 
greatly increased and the restoring force for unit displacement much de¬ 
creased. It is also possible to trace the relation between the anomalous 
behaviour of the constants and a[ and the shape of the jiutential 
curve for the initial state. The curve for the final state is of the usual shape; 
for values of r less than it rises above the parabola, while for values of r 
greater than it falls rapidly below. Near this behaviour is mainly due 
to the presence of the term Uj g and its result is that as v increases and the 
average value of l/r^ decrease, the latter affecting In the initial state 
the term in is unusually small so that the curve def)arts less than usual 
from the parabolic form; moreover, the term which causes the curve 
to rise on each limb, quickly becomes more important. This leads to an 
initial increase in the value of w,,, until other odd powers of g become 
important. When the potential curve comes as close to the parabolic form 
as this the average value of l/r- at first decreases with v, causing an increase 
in Bjj. 


TuK wave FtmCTIONS 

The wave equation for the harmonic oscillator with a potential energy 
function is 

Considering small oscillations of the molecule near the equilibrium position, 
the displacement a: = r — and k = 
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The normalized wave function for this equation is 

where — hjirrh/i/xo^. Writing xjd = a, the Hermitian polynomials Il^ia) 
are given by 

H,{8) ^ 

The first members are 

H^(s) - 1, H^{8) = 28, 

H^(8) - - 2, H^{s) = 12s, 

H^(s) = 16s^-48sH12. 

The recursion formula 

may be used to derive higher members. 

To obtain the first approximation to the wave functions for the two 
electronic states of RbH we have evaluated the expression for for integral 
and half-integral values of xjd neglecting the initial factor 1 jd. The results 
are given in table 1. Using these values and plotting them at r — =integral 
and half-integral values of d' and d'", cimves are obtained proportional 
to the wave functions for the vibrational levels of the initial and final 
states of the harmonic oscillator corresponding to the parabolic |)otentia] 
functions. The values of the constants used were d' = 0*371 x 10^® and 

= 0*190 X 10-*«. 

To obtain approximations to the more complicated wave functions corre¬ 
sponding to the true |)otential curves the following aim])le procedure was 
adopted. Each point of the curve was displaced by multiplying its x 
co-ordinate by the ratio of the limb of the true potential curve to the limb 
of the parabolic curve for the corresponding energy level. By this means 
the wave function is compressed for values of r leas than and expanded 
for values of r greater than r,. so that the principal maxima assume the same 
positions relative to the true curve as they did formerly to the parabolic 
curve. This method gives a curve which is not smooth through the origin 
but which probably lies near the true curve. The corresponding distortion 
of the ordinates necessary to maintain normalization has been neglected 
(the effect of this is discussed later). The wave functions obtained in this 
way are shown in figure 1, the functions being plotted with their x-axes on the 
appropriate energy levels; the scales for the ordinates are not the same for 
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the initial and final electronic statcH, but have been chosen for convenience 
in drawing. 


TABnK 1. Okotnates for the wave function of a harmonic oscillator 

CALGTTLATEI) FOR VALUES OF THE VIBRATIONAL QUANTUM NUMBER 
FROM 0 TO 10 


*■ 

0 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

0 

0*751 

0 

-0-531 

0 

0-460 

0 

~ 0-420 

0 

0*393 

0 

- 0-373 

i 

0-683 

0-469 

0-234 

- 0*478 

0-034 

0-438 

009(} 

-0*380 

-0-184 

0-315 

0-245 

} 

0-456 

0-844 

0-322 

0*263 

~ 0-46.5 

- 0*056 

0-391 

0*263 

- 0*234 

- 0-358 

0*061 

4 

0-244 

0-518 

0-004 

0-317 

-0-187 

-0-461 

0 229 

0*243 

0-397 

0-051 

-0-342 

o 

0-101 

0-287 

0-502 

0-585 

0393 

- 0-026 

0-389 

-0-391 

-0-028 

0-343 

0-333 


0-033 

0-117 

0-269 

0-453 

0-636 

0*493 

0-039 

-0-404 

-0-543 

- 0-257 

0-226 


0-008 

0035 

0J(K/ 

0-217 

0-373 

0-513 

0-.549 

0-405 

0-094 

- 0-249 

- 0-423 

H 

0-002 

0-008 

0*027 

0-071 

0-153 

0-275 

0*415 

0-522 

0-526 

0-374 

0-087 

4 

i 0 

0(X)1 

0-005 

0-017 

0-043 

0-093 

0*177 

0-292 

0-418 

0-514 

0-522 



0 

0-001 

0-003 

0-009 

0-022 

0-(H9 

0*098 

0-174 

0-277 

0-392 

ti 



0 

0 

0-(H)l 

0-004 

0-(.K)9 

0-022 

0*045 

0-087 

0-161 

H 





0 

0 

0001 

0*003 

0-008 

0*018 

0*036 

() 







0 

0 

0-001 

0*(K)3 

0*006 


Cal(^atlation of intensities 

In making an approximate calculation of the distribution of intensity 
among the vibrational transitions, to be expected from the wave functions 
obtained as described above, the following expression has been adopted: 


|;4 




Within the small range of r with which w e are concerned it has been assumed 
that the most important factor is the overlap integral for the vibrational 
part of the wave functions, and that the expression for the electric moment, 
may be treated as though independent of r. With this rather drastic 
assumption the integral reduces to 



’dr 


for each transition This integration has been carried out for values 

of f/ - 0, 1, 10, and values of ?/' = 0, 1, 5 by the simple method of 

taking the product of the ordinates of the two wave functions concerned 
at regular intervals in the range of r for which they are appreciable, and 
taking the sum of these products. The sum for each transition was then " 
squared and multiplied by a factor proportional to i'* where v for each band 
was the wave number for the origin. 
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Before comparing these results with the observed intensity distribution 
it is necessary to take into account the distribution of the molecules among 
the initial states. This has been done by inserting a Maxwell-Boltzmann 
distribution factor e where is the vibrational energy in the initial 
state and is very nearly equal to hcu)^v\ k is the gas constant, and 6 is 
the absolute temperatui'e. In making the calculation a value of hctojkO = 0-4 
has been used, this being equivalent to a temperature of 650“ C. Such 
a temperature appeared reasonable from considerations of the vapour 
pressure of rubidium, and agnios approximately with the observed rotational 
intensity distribution. 

After inclusion of this factor the resulting values for the intensities have 
been multiplied by a constant factor, ( 7 , to reduce them to a scale chosen 
to give 25 for the strongest band. These calculated values are given in 
figure 25, beneath the oliserved intensities. 
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FiGtJHE 2. Intcnnity distribution, (a) Observed: visual ostiiuattm on a scale of 10. 
(6) Calculated: reduced to a scale of 25. 


Discussion 

It will be seen from figure 2 b that the calculated distribution of intensity 
reproduces the general characteristics of the observed distribution very 
well. Tliereare, however, some discrepancies in detail. Thus the main locus 
of strong bands, corresfionding to the Franck-Coudon parabola, fits the 
observed curve (piite well, falling only slightly below it; the calculated 
secondary })arabola falls one or two units in t/ below the observed secondary 
parabola; and the tertiary parabola is also about two units in lower than 
the observed parabola, being only just obtained within the range of calcula¬ 
tions. The cause of these discrepancies is probably to be found among the 
assumptions and approximations made in deriving the results. The following 
is a brief discussion of the various steps in the procedure. 
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(i) The potential curves. Additional terms involving higher powers of ^ 
in the series for the potential would have the effect of moving the inner 
limbs of the potential curves out slightly, and of moving the outer limbs in 
or out according to whether an odd or even power of ^ is added. This kind 
of movement is of the type required to remove the discrepancies, but the 
last term used produced so little effect that higher powers were considered 
negligible. Another conceivable cause, connected with the potential curves, 
is the effect of rotation. The observed intensities are for the strongest 
unblended lines of each band, which are normally about the 10th to 14th 
members of each branch. For the rotating molecule there will be an 
additional potential, corresi^onding to the centrifugal force, to be con¬ 
sidered. This will have the effect principally of moving the whole of the 
potential curves outward. A calculation of this effect showed that it would 
produce but little change in the intensities, and that this would be in 
a direction to increase the discrepancies. 

(ii) The assumption of M comtani. This assumption has generally been 
made in the calculation of intensities by this method. It was made by 
Gibson, Rico and Bayliss ( 1933 ) their work on the absorption spectrum 
of chlorine and by Bayliss ( 1937 ) for the absorption spectrum of bromine. 
Coolidge, James and Present ( 1936 ) discuss this assumption and find it not 
quite accurate for the case of Hg, where the wave functions spread over 
a considerable range of r. For RbH the range of r used for the most extreme 
case, the ( 10 ,5) band, is from = 2*2 A to = 3*0 A. The dominating 
factor affecting the relative intensity of each band is the phase relationship 
between the two wave functions concerned, and over this range of r an 
alternative assumption of M varying with a small power of r would produce 
little effect on the location of the parabolae. 

(iii) Distortion of the uxive functions. The method used in fitting the wave 
functions of the harmonic oscillator to the actual potential curves is most 
probably the chief source of the discrepancies, since the intensities are very 
sensitive to displacement of the maxima of the wave function of one state 
relative to those of the other state. Fink and Goodeve ( 1937 ), in their work 
on the absorption spectrum of methyl bromide, where the anharmonicity 
gave equal shifts of both sides of the potential curve, simply moved the 
complete wave functions by the amount of that shift. This method is not 
satisfactory for RbH since the shifts are not equal on the two sides of the 
potential curves. The method employed in this paper should give satis- 
factory results for the end maxima of the wave functions, which control 
the position of the main Franck-Condon parabola, but result probably in 
some error for the intermediate maxima. A more elaborate procedure, 
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giving curves smooth at the point = 0, would be to shift each point of the 
wave function in the ratio of tlie limb of the potential curve to the limb of 
the parabola at the corresponding value of x. Neither of these methods 
produces a shift of the centre point (x = 0) such as is shown by the curves 
obtained by Coolidge, James and Present by means of the differential 
analyser. However, until accurate quantitative measurements of the ob¬ 
served intensities are available, it does not seem worth while carrying out 
calculations to a higher degree of approximation. 

(iv) Normalization. In displacing the wave functions the horizontal 
shifts should be accompanied by vertical shifts to maintain normalization. 
These have, however, been neglected as they are relatively unimpor¬ 
tant, 

(v) Method of integration. The method of integrating the product of the 
wave functions is admittedly somewhat crude, but its accuracy is well 
within that required for the puT 7 )ose of these calculations. 

(vi) The temperakire distribution. The distribution of molecules among 
the initial states, calculated assuming thermal equilibrium at 650'’ C, may 
be somewhat in error. No reasonable change in the assumed efloctive 
temperature will make sufficient change in the position of the subsidiary 
parabolae, although the main parabola may be moved by about one unit 
in v\ The actual distribution may not be of the form required for thermal 
equilibrium, but it seems impossible that it could take a form which would 
correct the position of the subsidiary parabolae without introducing irregu¬ 
larities in the = 0 progression; moreover, there af)i)ears to be no reason 
for expecting an abnormal distribution. 

(vii) Assignment of v\ In addition to the approximations made in the 
calculation, there is also a possible source of error in that the vibrational 
quantum number for the upper state, v\ may require raising by one or two 
units. The evidence against this is dealt with in the previous paper. More¬ 
over, it seems likely that an increase in v' would, by lowering the value of 
7^', move the upper j)otential curve outwards and so tend to make the 
Franck-Condon parabola more open, thus tending to increase rather than 
decrease the discrepancies. 

(viii) Variation of sensitivity of plate. There remains the possibility that 
part of the discrepancy may be due to the method of obtaining the observed 
intensities. These are visual estimates of the relative intensities taken 
directly from the plate without making allowance for the variations of 
]3late sensitivity with wave-length. The rapid decrease in sensitivity at the 
red end is of course responsible for the sudden termination of the bands at 
high values of v". It will, however, be seen from figure 2a that the subsidiary 
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parabolae are located within narrow limits and no slow change of plat/O 
sensitivity with wave-length could appreciably affect their position. 


SlTMMAKY 

The intensity distribution among the various vibrational transitions of 
the electronic emission spectrum of rubidium hydride is described; in 
addition to the normal i^anck-Condon parabola, which in tliis case is 
very open, there are very well marked secondary and tertiary parabolae. 

To account for these subsidiary parabolae it is necessary to apply the 
methods of wave mechanics. As rubidium hydride is a particularly favour¬ 
able example, an attempt has been made to com))are the observed intensity 
distribution with that expected theoretically. 

The potential functions have been calculated from the molecular con¬ 
stants derived from the analysis of the spectrum, and the potential curves 
are drawn and discussed briefly. 

The wave functions for the various vibrational levels of a harmonic 
oscillator have been calculated for the two electronic states, and these 
have been distorted, by a simple method, to correspond approximately to 
the potential curves. 

Using these wave functions the intensity distribution has been calculated. 
It is in good general agreement with the observations, but shows some 
discrepancies in detail. The various assumptions and approximations made 
in making the calculations are examined. It is concluded that such dis¬ 
crepancies as exist are probably to be attributed to the approximate method 
of distorting the wave functions of the harmonic oscillator to correspond 
to the potential curves. 
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The number of 4jionfigurations of an assembly with 
long-distance order 

By T. S. Chang 

JJnivETHiietefa InMilut for teoretisk Fysik, Copenhagen 
(Cfymmunicated by R, H. Fowler, FJl.S —Received 1 June 1939) 

1. INTRODUCTION 

The standard method of studying the equilibrium properties of an 
assembly of physical systems is to construct certain characteristic functions 
of the assembly, such as the partition function or the grand |)artition 
function. From these functions, the equilibrium properties can be im¬ 
mediately deduced, (inversely, if the equilibrium properties are given or 
obtained by some indirect method, we can argue backward and obtain 
information about the characteristic functions. 

In an earlier paper (Chang 1939 a), wo have chosen a problem of adsorption 
in which the expression for the grand partition function of the adsorbed 
phase contains the number of ways g(Ny n,X) of arranging n particles upon 
a lattice of N sites so that the number of pairs of nearest neighbours formed 
by the particles is X. By comparing the equilibrium properties given by 
Peierls (1936) by using Bethels method (Bethe 1935) and the standard 
equations giving the equilibrium properties in terms of the grand partition 
function, we have been able to obtain a formula for g{N, n, X). It goes 
without saying that the formula can only be approximately correct. 

A number of points seems to show that the approximation of this formula 
is not bad. First, the approximate formula agrees with the rigorous value of 
g{Ny n, X) for the special case in which the N sites lie on a straight line. 
Secondly, if we construct the configurational partition functions of some 
physical assemblies by making use of this approximate formula and expand 
the partition functions in powers of (l/kT), k being the Boltzmann^s 
constant and T the absolute temperature, we find that the resulting 
expressions agree with the corresponding rigorous expressions to the power 
(I/AjT)®. Further, from these partition functions constructed with the 
approximate formula, the deduced equilibrium proj)ertie8 are precisely 
those obtained by direct application of Bethe’s method. This ensures that if 
we start with such physical assemblies and compare the equilibrium pro- 
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perties given by Bethe’s method and the standard statistioal equations, we 
obtain exactly the same fonnula for g{N, n, X). 

Strictly speaking, the formula gives only the number of configurations 
in which the n particles are uniformly distribute^ among the N sites and 
are not arranged to form something like a superlatrice. In the present 
paper, we shall try to find the number of configurations in which a long¬ 
distance order is present. For simplicity, we restrict ourselves to lattioes 
of the type AB, which may be defined as lattioes which can be divided into 
two sublattices, say a sites and sites, interx>enetrating each other so that 
no two points on the same sublattice are nearest neighbours in the whole 
lattice. The number of configurations which we shall find in the following is 
the number of ways of arranging ^N (0 + 9 ') particles uniformly on a lattice 
of the type AB consisting of N sites in all, with ^Nd particles on one sub- 
lattice and INd' particles on the other, so that the number of pairs of 
nearest neighboms formed by the particles is X. We shall denote this 
number by f(N, ^Nd, \N 0 ', X). It is evident that f(N, \Ne, \Ne, X) is 
simply ff(N, NB, X). 

A procedure analogous to that used in the earlier paper is to choose a 
problem of adsorption in which gas atoms are adsorbed on a solid where the 
sites of accommodation are arranged like a lattice of the t3rpe AB, with 
different heats of adsorption for sites in the two different sublattices. It is 
easy to see that the grand partition function of the adsorbed phase wiU 
contain /(N, X), and by comparing the equilibrium properties 

given by Bethe’s method (Chang 19396) and the standard statistical formulae 
giving the equilibrium properties in terms of the grand partition function, 
we can determine /(JV, iN 0 ', X). Here, we shall however start from 

the equilibrium properties of an ideal alloy with superlattices of the type 
AB and with arbitrary compositions (Chang 1938). In § 2, we deduce an 
approximate expression for the partition function of such an alloy from the 
equilibrium properties given by Bethe’s method. After that, we give the 
rigorous ex pression of the partition function expressed in a series of powers 
of {IjkT), which can be obtained up to the power (l/kT)^. Comparing the 
two expressions, we find that they agree to the power (l/iT)*. In § 3 , we 
deduce the required number of configurations/(iV, ^N&, X) from the 
approximate partition function. In § 4 , we evaluate rigorously the value of 
f(N, \Nd', ii) for the special case in which the N sites are on a straight 
line, and show that it agrees exactly with the approximate formula obtained 
in I 3 for that special case. 

It is not difficult to show that the same approximate formula for 
f{N, \N0, X) is obtained if we start with the adsorption problem 
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afl indicated in the beginning of the last paragraph, but w® shall leave out 
the proof of this statement. 

2. Deduction of the partition function of an adloy prom the 

EQUILIBRIUM PROPERTIES GIVEN BY BeTHE’S METHOD 

Let us consider an alloy with A and B atoms and a lattice structure which 
is of the type AB, Let us conform to the notations used in the previous 
papers. N is the total number of atoms, lN{l + d) and jN(l--d) are the 
number of A and B atoms, z is the number of nearest neighbours of a site, 
Vaa. Fbb and are the interaction energies between the respective pairs 
of nearest neighbours, cr is the local order, E is the energy, x is short for 
^^PUKiA + ^BB-^yAB)/^^, and a is short for + or 

- 2 log X. If we neglect all excitations of the atoms, all thermal vibrations 
and all interactions between neighbours except those between nearest 
neighbours, the energy E is simply 

^AA KiA + ^BB^BB + ^AsKtSf 

where , X^g and X^g denotes the number of pairs of nearest neighbours 

AA, BB and AB. Expressing X^^ and X^g in terms of Xgg, which we 
shall write simply as X, the energy E becomes 


+ \zN( 1 - d) V^g + + Vgg - 2V^g) X. 

The configurational partition function is therefore 

Xexp {- [izNdKij + izN( 1 - d) Vjg + + Vgg - 2V^g) XJ/kT}, (1) 

summed over all possible ways of arrangements of A and B atoms. Intro¬ 
ducing the number / defined in the preceding section, we can write (1) as 

exp{-[i*jVdr^^ + W hNl^-e,X)x-*^, 

( 2 ) 

where \Nd is the number of B atoms on one sublattice, say a sites, and the 
summation is taken over all different values of $ and X. For convenience, 
we introduce a new notation F{d, x) defined by 

F{e, X) « INd, iN l-d-d, X) ( 3 ) 

and at the same time abbreviate l-d-d into d'. In this section aad the 
next, d' is understood to be 1 - d — d. 
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In terms of the above notations, the standard statistioal equations are 


^logF{d,x) = 0, 

E » izNdV^^ + lzN( 1 - d) + kT> ~ log F(d. x) 

* - d) - i(V^A + log F{d, x). 


(4) 

( 6 ) 


(4) gives the equilibrium values of 5 as a function of x or the temperature. 
Let the solution of (4) be ^ = (f>(x). Then (5) gives the equilibrium values of E 
as a function of x after substituting (p(x) for 6 into the right-hand side of ( 6 ), 
On the other hand, the equilibrium values given by Bethe’s method 
(Chang 1938 ) are as follows: 


d = (e + x) 


1 —(1-f ex)d 
e(l 


( 6 ) 


E ^ izNdZi^ + izN(l-d)V^s + WVAA + V,iB-^KiBni-d-Ui+cr)], (7) 


J(l+<r) 


€*+1 +o!(e* — 1) 
*e{iTea:) + (e + a:)’ 


( 8 ) 


where e is a function of x given by 

ri + «a: 1 +ex —d(l —x*n®~^ 1 —d(l +ex) I 

[_e + x e + x^(i€(l-x*)J e + d(e + *j e 


( 6 ) and ( 9 ) gives d as a function of x, and (7), ( 8 ) and (9) gives E in terms of x. 
Our purpose is to determine F{d, x) so that the equilibrium values of 0 
and E given by {4) and (5) are the same as those given by ( 6 ), (7), ( 8 ) and (9). 
There are therefore two conditions, one for the equilibrium value of 0 to 
be the same, i.e. 

( 1 ) Both the equation (4) and the set of equations ( 6 ), (9) should give 
the same solution for 0 in terms of x, say <^(x); 

and one for the equilibrium value of JF to be the same, i.e. 


( 2 ) 


i{ 4 logTO«) 




* (i—d— ^ +d{e*—l) 

2*1 *e(l +esc) + (e+x)j’ 


( 10 ) 


where e is a function of x given by (9). These are the two conditions for 
determining F(0, x). 


4 * 
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In order that the equation ( 4 ) and the set (6), ( 9 ) may give the same 
solution for 6 in terms of x, we assume 


~~\ogF{d,x) 




1-f ea; 1-f ex —d(l —T 
e + x e-fx-hrf€{l —X*) J e“fd(e + x) e 


( 11 ) 


where e is regarded as a function of d and x as given by (6), With this 
assumption, the first condition is satisfied. We can assume at the same time 


L A 

N dx' 


(12) 


with e regarded as a function of 6 and x as given by (6) as before. That these 
two assumptions are compatible can be easily seen, for the partial differential 
of the right-hand side of (11) with respect to x and the partial differential of 
the right-hand side of (12) with respect to 6 are equal. The two differentials 
are in fact both given by 

z e®—1-f d(l-f 2a:e-f e*) 

~x (1 -f e* ■f'2e3:) - d|r^*)'[r^*) ’ 


where e is a function of 6 and x given by (6). With the two assumptions (11) 
and (12), the second condition is also satisfied, for if we put ^(x) for 6 into 
the equation (12), the equation (12) becomes simply the equation (10). 

It can be seen that this is not the only way of setting up equations for 
(djW)\ogF{d, x) and ( 0 / 0 x)logl’(^, x) which is consistent with both con¬ 
ditions, but this is the simplest and gives us reasonable results for F{ 6 , x) 
and f(N, \N 0 , \N 6 ', X), as can be seen later. Integrating (11) and (12) and 
employing the boundary condition 

i^-Mogi’(l-d,l) = -i(l-d)log(l-d)-idlogd, ifd> 0 , 
or ^i^-^ogi’ll, 1) = - J(l-f d)log(l-)-d) + idlog(-d), ifd<0, 
we obtain 


N~^ log F(&, x) ^ ~\6 log 6 — log 0 ' 

-i(l- 6 ?)log(l-< 9 )-i(I-e')log(l-(?') 

- iz( 1 - d) log X* -)- Jz log i {( 1 - 2ot -f d*<*)‘ -(- 1 - ot} 


+ ^z{d- 6 ')\og 
+ Jzdlog 


(1 - 2 a<-I-d***)*-t-l - < - (0 - 0 ') t 
( 1 -M+ d*t*)‘ + l-t + {d~d')t 

(l- 2 cU+d^*)*+l+dt 

(l'-'^-|-d*t*)*+T3ift’ 


(13) 
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where t denotes l-x‘ and a denotes 1—0—0’ + 200'. For the special oases 
d =* 0 , or (9 = 0', the expression (13) for log F{0, x) phis 

+ hzNil-d)V^^]/kT 

reduces respectively to the expressions (41) and (43) in an earlier paper 
(Chang 19390 ). 

Kirkwood ( 1938 ) has calculated log F{0, x) for the special case d =» 0 . 
Applying his method to the general case, we have 

iV-i log F(0, X) = - log 6 - i0’ log 0' 

-i(l-0)log(l-0)-i(l-0')log(l-0') 

+ iza00' + 00'( 1-0) (1-0') 

+ -^Ir -0)(l-0')(l-20)(l-20') + ..., (14) 


where a is — or 2 log x. Just as for the case = 0 , 

the terms containing higher powers of a cannot be found, for reasons too 
long to be explained here. If we expand (13) in powers of a, we obtain 
exactly the same expression as (14) up to the power a®. 

One consequence of this agreement is that if we calculate the equilibrium 
values of 6 and E with the rigorous expression (14), neglecting all dotted 
terms, or assuming them to be of the form with i > 2 , and expand 

the results in powers of the first three non-vanishing terms will be 
exactly the same as those of the expansion of the corresponding results 
calculated directly from Bethels method. For example, from (14), we have 
the following results at the critical point of setting in of superlattices: 

4 4(1+#) 1 16 (1 + 3#) 1 

" 1 - d* U -d*)* * '3 (T- d»)3 

+o')rc “ i(l+-d*)^ + i(l-d*)i +.... 


AO^, the discontinuity of the specific heat due to ordering 




Ifs_8, ^ 1 

zL l-d»^l + 3d»J 


ir?— 

*»L l + 3« 


24 


i + 


16 


+ 3d* l~d*^(l + 3d*)*^(l 




If we expand in powers of z~^ the corresponding results calculated directly 
from Betbe’s method, we get exactly the same thing as the above. 
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It is evident that we can take a slightly modified form of (14) to be the 
partition function of an adsorbed layer in a problem of adsorption, i.e, by 
considering the adsorbed atoms as B atoms and the holes as A atoms. In 
this way, we can investigate superlattioe formation if any in the adsorbed 
layer. Such a problem has been studied by using Bethels method (Chang 
19396 ) and it is needless to say that the results obtained by using (14) as 
the partition function of the adsorbed layer will be extremely similar. 


3. Deduction oF/(iV, \Nd\ X) from the bartitxon function 
The definition of F(6, x) is 

F(d,x) ^ X^f{N,lNe,lNd\X)x~^^\ 

where O' — 1 — d — 6 ^. Replacing the summation by the maximum term, we 
have 

\ogF{0,x) ^ \ogf(N,iNd,lNd\X)-2X\ogx, (15) 

where X is a function of 0 and x given by 

-g^log/(iV,i2^0,iiV(9',X)-2loga: - 0 . (16) 

For clarity, let us denote this function of 6 and x by X,( 0 , x). Substituting 
into (16), we have 

logF(e,a:) = \ogfiN,\Ne,lN0',Xi(0,x))-2X^{d,x)logx. (17) 

Differentiating this equation to x at constant 0, we get 

AlogF(0,x) = [~log/(i\^,ii\^0, JW,Z)-21ogxj-:^|i®i-2Z^^^^ 

Now the first term on the right-hand side of the above equation vanishes on 
account of (16), and so we get 

Xi(0,x) -= ^IogF(0,x). (18) 

This gives explicitly the function Xi{0, x) which is the solution of (16). 
Incidently, we may notice that if we put 0 * ^{x) into the right-hand side 
of (18), it yields the equilibrium value of X at different temperatures. 

Alternatively, we may look at (15) as an equation in 0 and X, with x 
considered as a function of 0 and X given by (16). Denoting this function 
by Xi{0, X), we have 

log/(N, IN0, \Ne', X) - log F{0, x^(0, X)) -I- 2X logx,((9. X). (19) 
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All we have to do in order to find f(N, ^Nd, X) ia to find X), and 
to substitute into the above equation. The function X) can be found 
as follows. 

The solution of (16) for X in terms of 8 and a: is x) and is given by 
(18). Now N'^^djdx) log F{6, x) is given by the right-hand side of (12) where 
6 is a function of 0 and x given by (6). Eliminating e, we get 


X^(0,x) = + 

Writing ^X/zN as q and solving for x, we get 


H20-q){26'-q) 


x,{d,X) = 

^ I q{2d + q) 


( 20 ) 


( 21 ) 


This is the function Xi{0, X) required. Substituting into (19) and using 
the long expression (13) for W'^log F(d, x), we get finally 

N~^ log f(N, ^Nd, \N9’, X) = - log 6 - \e' log 6' 

-J(l-0)log(l-0)-i(l-0')log(l-0') 

+ ^z{2 log 2 + 29 log 9 + 29’ log 9’ 

+ 2( 1 - 0) log (1 - (?) + 2(1 - (9') log (1 - ^') 

- (2(9- gr) log {29-q)- {2ff - q) log (2(9' - q) 
-q\ogq-{2d + q)\og{2d + q)]. ( 22 ) 

As given by (22), f{N, \N9, \N9, X) reduces to the expression for 
g{N, N9, X) given in the preceding paper, and N-''- log Xxf(X, \N9, \N9', X) 
is equal to - log - Jd' log - J( 1 - (9) log (1 - 0) - J (1 — d') log (1 — 0'), as 
expected. 


4, Rigorous deduction 0Ff{N, IN9, iN9', X) fob a special case 

We shall now give the rigorous value of/(iV^, JJV0, JW(9', X) for a special 
case. We consider the number of ways of arranging ^N{9+9') particles on 
a straight line consisting of N sites, with ^N9 particles on the first, third, 
fifth,... sites {a sites), and ^N9' particles on the second, fourth,... sites 
(y9 tites), producing at the same time X pairs of neighbours. 

Consider for the moment that there are no fi sites. Among the a sites, some 
may be occupied by the particles and some not. Let us call a chain of a 
sites a "bi" chain hTit consists of i occupied sites and one unoccupied site 
on the extreme left end of the chain. Then any configuration of tiie a sites 
can be denoted by a set of numbers n^, %, n,,..., corresponding to the 
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number of 6j,... chains. The number of configurations spedfled by the 

numbers Wq, Uj, ... is evidently 

(no + %4-Wa + ...)! ^ 23 ^ 

Consider now the p sites. We distinguish three kinds of fi sites, i.e. those 
whose two neighbouring a sites are both occupied, those whose neighbouring 
a sites are one occupied and one unoccupied and those whose two neigh¬ 
bouring a sites are both unoccupied. For configurations of the a sites 
specified by the numbers Wq, nj, ..., the number of the respective kinds 
of p sites are — 1), and n^. Let the number of particles on 

the respective kinds of p sites be and The number of configurations 
corresponding to the numbers n^, n^, ..., and 1^, ij, 1% is 

(Ttp 4- + Wg -I - ■..) ! ^0^ iaA\ 

Uq! 71^! Wa!... 4• ~ 1)~^i]^ "!■ ^ 2 )• i 

For all these configurations, the total number of sites is 227^^0n<(t + 1), 
the number of particles on a sites is the number of particles 

on p sites is 1^ •+■ Ig -f ij, and the number of pairs of nearest neighbours is 
21i4- Ig" Hence our required number f(N, \Nd, \N0', X) is 

y, (Wo+ Wj 4-...)! — 1)]! (22,(^g7ij)t 

no"!»i!... n,(r-1)-ill! I,!(2r<~n,'^lgT! ’ 

(26) 

summed over all possible values of nj, .. l^, 1,. i,, subject to the 

restrictions 

227^^0 n^i +1) = W, n,i = JWd,) 

f (26) 

h + k + k=^hNe', 2/i + lj-X. j 
Applpng Cauchy’s theorem, we may express (25) by the following integral 
^ XXXX dAjvdAgdA^dAjf 

(M* J Jn A^+iXiArs+i^^Nr+iA|Ti 

X |2i'A5{^*+*"•+■■•)A2‘+*"•+• A^+». 

(w-Q-f fti + rai+...)! —1)]! (227^^g nf)!_ n^l 1 

no!%! Wg! •.. Ij! — 1) —ij! lgl(22r(^gn( —j,)! lg!(ng—Ig)!) ’ 

where the summation in the integrand is unrestricted and the path dT in¬ 
tegration of each of the variables Ajy, A,, A^g and Ajj encircles the origin onoe 
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in the positive direction in their respective complex planes. The quantity 
in the bracket can be summed to 


___ 1 — A a ( 1 + _ 

[1 — Ai^(i + A^)] [1 — A^A(,{i + A^A^)] — A^Aa( 1 + A^jt)* 

According to the method of steejMjst descent (Fowler 1937 ), we may expect 
the logarithm of the integral to be given by 


- N log A,v - ^NO log A. - ^Nd' log A^ - X log A^, (28) 


where Ajy, A«, A^ and Aj^ are now the roots of the following equations 

Jf(Ayv, Ajt, A^, Ajf) 

* [I-A§,(l + A^)][l-A*vA.(I+A^Ai)]-Aj^AjI +A^Aj,)* = 0, 


^ A ^ 


K 


N 


J-A 


-L ;i A ir - S 1 
IN9' ^d\x 


(29) 


The rigorous proof of this statement is difficult and is in course of investi¬ 
gation. We shall assume that this is correct. 

If we put 2,XjN to be q, which is a consistent notation with the q in the 
preceding section and solve for the roots of (29), we get 


_ (2djj)» _ ^ 'I 

^ “ iff- 6) ( 1- 0')' ^ (W- q) (20' - q) ’ 

_l-0(2O-q)^ . (2(9'-g)* 

e {2d + qf' ^ W (2d + q?' . 


(30) 


Substituting these values into (28), we get 

N-nogf(N,\Ne, \Nd',X) « Iog2 + i</log0-i-Jd'log<?' 

-h i(l - 0) log (1 - (9) + i(l - <?') log (1 - d') - i(2d - 9 ) log (2<? - 9 ) 

-i(20'-9)log(20'-g')-g'log9-J(2d-t-9)log(2d+9). (31) 

It is satisfactory to see that this is exactly ( 22 ) for the special case t’=2. 
The agreement seems worthy of mentioning. 


In oonolusion, the writer wishes to thank Professor R. H. Fowler for 
many discussions and help given during the preparation of the paper. 
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Summary 


St/arting from the equilibrium properties of an ideal alloy with a super¬ 
lattice of the type AB and with arbitrary compositions which are obtained 
by application of Bethe’s method, we have found the partition function of 
the alloy by a process which is simply the reverse of deducing the equilibrium 
properties from the partition function. It is shown that if this partition 
function is expanded in powers of it agrees with the corresponding 

rigorous expression up to the power (KTy^, 

From this partition function, we find an approximate expression for the 
number of ways of arranging \N{6 + 6*) particles upon a lattice of the type 
AB consisting of N sites in total, with \Nd particles on one sublattice and 
\N6* particles on the other, producing X pairs of nearest neighbours formed 
by the particles. This is given by the expression (22), where 
and q = ^XjzN, z being the number of nearest neighbours of a site. The 
exact value of this number is evaluated for the special case in which the N 
sites are on a straight line, and is found to agree with the approximate formula 
exactly. 
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Self-consistent field with exchange for carbon 

By a. Jucys 

University of Vytaiitas the GheeU, Kaunas ^ lAihuania 
{Communicated by D. R, Hartree, F.R,S,—Received 14 June 1939) 

1. iKTRODtTCTION 

The self-consistent field equations without exchange have been solved 
for carbon by Torrance ( 1934 ) and the energy calculated by Uflford ( 1938 ). 
The results obtained by solving the self-consistent field equations including 
exchange for neutral carbon are given in this paper. It seemed to be useful 
to compute the self-consistent field for ions and also. Calculations 
for this atom were undertaken because the results are interesting for 
chemists and, moreover, in order to gain experience of these rather compli¬ 
cated calculations it seemed best to start on one of the light elements. 

The notation and method of calculation are in general the same as those 
used and developed by T). R. and W. Hartree ( 1935 , 1936 a, 6 , c, 1938 a, 6 ). 
The main difference is in the calculation of Yj^ functions. 


2. Calcitlation of the Yf ^ fitnctioks 


The Yfc functions were calculated by solving one equation of the second 
order* instead of two equations of the first order. 

If the functions | r) are a set of normalized radial wave functions, and 

p{nl, nT I r) ^ P^(nl | r)P^(n7' | r), ( 1 ) 

the functions »7' | r), n'V | r) are defined by 


Z^{nl,nT I r) j^(rJry‘p{nl,nT | r,)dr„ 
|r) - Z^{nl,n'V\r) + J 

From the defixdtion of I* one obtains (Hartree and Black 
( 21 ) and ( 22 )) 


( 2 ) 

I ri)dri. (3) 
1933 , equations 


^^ = i[(fc + l)7,-(2fc+l)Z*]. 


(4) 


dr 



( 5 ) 


* I am glad to note here that it was at the suggestion of Professor D. R. 
Hartree that this method was tried. 


[ 69 ] 
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Here Y^(nl, n'V | r), Z^{nl, nT j r) and p{nl, n'V | r) are shortened to 7 *. Z* 
and p. 

Eliminating Zf^ from ( 4 ) and ( 5 ), we have 

d% k{k+m 2A;+1 > 

dr* - ' r* r ' 


When one particular solution of this equation is known the general 
solution has the form 

= + + ( 7 ) 

where A and B are arbitrary constants. The particular integral 7 *^ may be 
found by solving (6) with the initial conditions 7 ^^ = 0, and an arbitrary 
value of dYj^pjdr at r = 0. 

Now from the definition of 7 ^ it follows that 


7 ^ 0 at r — 0, j 

= const, at r = oo. j 


(H) 


Since the particular integral 7 ^^ is evaluated with 7 ^^ = 0 at r — 0, it 
follows from the first of conditions (8) that J 5 = 0 in ( 7 ). To find A we use 

the behaviour of the particular integral in the region in which /? * 0. 

^00 

In this region must be constant and equal to r\p{ri)dri ^ C (say), 

Jo 

so that in this region we may write ( 7 ) in the form 


. iL - 

fik+l ~ y.k+1^ 

Difterentiating by ( 9 ) with respect to x = f-<2*+i), we obtain 


dx\r«'+V 

From ( 9 ) and (10) it follows that 


(») 


( 10 ) 


( 11 ) 


This formula is very convenient for praotioal use because in the region 
where /) »» 0, the right-hand side of (6) divided by gives directly the 
second term of (11), and then finally k(k+ 1)A, 

In the solution of (6) for Ykr. it is most convenient to replace the arbitrary 
value of dYfipIdr at r » 0 by an arbitrary value of at a small value of r 
(say O'Ol). This value of Y^ should be chosen so that Ykp would not become 
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very large at large r. Sometimes it is very difficult to find this starting 
value which keeps Ykp rather small in the entire region, because of the 
sensitiveness of to this starting value. This applies particularly to the 
Ffc functions with the larger values of k, as for example Fa(2jp, 2jp). If 
a suitable value has not been chosen, it is often convenient to modify the 
solution at some intermediate r by introducing an arbitrary A and 
using ( 7 ). 

Before solving (6) it is best to compute a table of the coefficients of 
and /) which are the same for all the functions with the same and the 
table of p for each solution. Then the solution itself is very easy because 
the right-hand side of (6) is obtained directly by two successive multiplica¬ 
tions on a machine.* Thus the total computation of one takes only 
a few hours. 

This method of finding was used only for k > 0, because for A: = 0 the 

integrals f P{nl) P(n*l) dr are required for normalization and orthogonality 
Jo 

conditions, and in the course of evaluating these integrals, it involves very 

little more work to evaluate the functions \ P^(rd)Py{n'l)dr. Then 

Jo 

Fq’s were found in a way already described by D. R. Hartree and W. Hartree 
(see, for example, 1935). 


3. Solution of Fook’s equations and results 

Fock’s equations for are the same as for neutral Be (D. R. and W. 
Hartree 1935). For neutral C the equations are easily obtained from 
generalized Fock’s equations for oxygen as given by D. R. Hartree and 
W. Hartree and Bertha Swirles (i939)t by putting ~ 0, g = 2 and 
=a /? w ^0*2, h-0-04 and -f0*4 for and ^S, respectively, since the 

normal configuration of neutral C coincides with that of 

For and the equations for unnormalized wave functions were 
used as for Be (D. R. and W. Hartree 1935, 1936a). The orthogonality 
condition was secured by choice of non-diagonal parameter C++ 

and neutral C. In each approximation it was immediately transformed 
to be €^,2^ - 0 (D. R. and W. Hartree 1935). As the criterion of self- 
consistency it was required that the maximum difference between the 

* A Hamarm Automat Model! V machine was used; this maohme is very convenient 
for such oakmlations. 

t I am vary grateful to these authors for sending me a copy of this paper before 
publication. 
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estimated and final Z^’s would not exceed 0-001. The wave functions for 
C+* and C++, nonnalized, are given in table 1. 

Table 1. Radial wave punctions fob C+* and C++ 


C++ 




Without exchange 

With exchange 

r 

Is 

la 

28 


28 

0-00 

0*000 

0000 

0*000 

0*000 

0*000 

002 

0*496 

0*491 

0*127 

0*492 

0*122 

0*04 

0*879 

0*873 

0*225 

0*874 

0*215 

006 

M71 

M64 

0*299 

M64 

0*284 

0*08 

1*387 

1*379 

0-351 

1*380 

0*333 

0*10 

1*641 

1*533 

0*386 

1*634 

0*364 

012 

1*646 

1*636 

0*407 

1*638 

0*381 

014 

1*708 

1*699 

0*415 

1*702 

0*385 

0*16 

1*738 

* 1*730 

0*412 

1*733 

0*379 

0*18 

1*742 

1*736 

0*401 

1*738 

0*364 

0*20 

1*726 

1*720 

0*382 

1*723 

0*342 

0*26 

1*622 

1*619 

0*312 

1*621 

0*263 

0*30 

1*466 

1*466 

0*218 

1*467 

0*161 

0*36 

1*291 

1*294 

0*112 

1*294 

0*048 

0*40 

M16 

M2l 

0*001 

M19 

-0*068 

0*45 

0*949 

0*966 

-0*111 

0*954 

-0*183 

0*50 

0*799 

0*807 

- 0*220 

0*804 

-0*292 

0*66 

0*667 

0*675 

-0*322 

0*672 

-0*394 

0-60 

0*552 

0*560 

-0*416 

0*657 

-0*487 

0*66 

0*464 

0*462 

-0*502 

0*459 

-0*569 

0*70 

0*371 

0*379 

-0*678 

0*376 

-0*842 

0*76 

0*302 

0*310 

-0*645 

0*307 

-0*704 

0*80 

0*245 

0*262 

-0*703 

0*250 

-0*756 

0*9 

0*160 

0*165 

-0*791 

0*154 

-0*833 

10 

0*103 

0*107 

-0*846 

0*106 

-0*878 

M 

0*066 

0*069 

-0*874 

0068 

-0*895 

1*2 

0*041 

0044 

-0-880 

0*044 

-0*890 

1*3 

0*026 

0*028 

-0*868 

0*028 

-0*869 

1*4 

0*016 

0*018 

-0*842 

0*018 

-0*836 

1*6 

0*010 

oon 

-0*806 

0*011 

-0*793 

1*6 

0-006 

0*007 

-0*763 

0*007 

-0*745 

1*7 

0*004 

0*004 

-0*716 

0*004 

-0*694 

1*8 

0*002b 

0*0028 

-0*666 

0*0027 

-0*641 

1*9 

0*00lj 

O-OOl* 

-0*616 

0 *001, 

-0*589 

2*0 

0*001 

0*001 

- 0*665 

0*0011 

-0*688 

2*1 

O-OOOj 

0*001 

-0*618 

0 *000, 

-0*488 

2*2 

— 

0000s 

-0*469 

0 *000* 

-0*442 

23 

— 

— 

-0*426 

0 *000, 

-0*398 

2*4 

— 

— 

-0*383 

0 *000, 

-0*357 



63 


Self-consistent field with exchange for carbon 

Table 1 (ccmtinued) 

C++ 

0 +* 

r la 

2*6 — 

2*8 
3*0 
3*2 

3-4 — 

3'6 --- 

3*8 

4*0 — 


4*6 — -0*026 — -0*022 

6*0 -- — -0*013 - -0*011 

5*6 -0*006 . -0*005 

6*0 — -0*003 -- -0*002 

6*5 — - -0*001 — -0*001 

7*0 — — -0*001 -0*001 

€«,„i 28*946 26*310 3*2685 26*296 3*3896 


For neutral C the equations for normalized wave functions were used. 
They were solved by the method described by 1). R. and W. Hartree 
(19366,0, 1938a, 6) with a slight modification. In a trial solution a value 
of P(nl\ 0*01) has to be estimated, and adjusted so that the solution is 
normalized. Actually after one trial solution had been evaluated P{nl | 0*01) 
was not changed, but the exchange terras were multiplied by a factor s 
and the solution was repeated with different trial values of s until the 

poo 

condition I P*(nl) dr = was satisfied. After the first solution, the further 
Jo 

solutions with the same P(nl | 0-01) and with modified values of the exchange 
terms can be calculated very quickly by following the variations from the 
first solution. Using the results of previous approximations it is possible 
to estimate the value of P{nl | 0-01) so that « would be near unity. Thus 
after some experience it was not necessary to repeat the solution more 
than once. The wave function obtained in this way was then normalized 
in order to use it for the next approximation. 

The first estimates of wave functions were made by using the results 
for oxygen. All three wave functions were calculated for all three multiplets. 
The final values of P(U), as was anticipated, are within the limits of 
self •consistency the same for different multiplets; the maximum differences 
do not exoded 5 units in the foixrth decimal place. Comparing P(l«) as 
given in table 2 with the results of Torrance (1934) we see that this P(ls) 


Without excliauge 
la 2a 

— -0*309 

— -0*246 

— -0*194 
_ 0*161 
-0*117 

— -0*090 

— -0*069 

— -0*063 


With exchange 
la 2a 

O.OOOi -0*284 

™ -0*224 

— -0*176 
-0*136 

— -0*104 

— -0*079 
-0*060 

— -0*046 





64 


A. JucyiB 

is nearer to that of self-consistent field without exchange for excited state 
(configuration la®2a2jj®) than to that of the normal state. Although the 
functions JP(1«) are the same for different multiplets, the values of e,. i. 
are different and for this reason the values of the latter are given in table 3, 


Table 2. Radial wave functions fob neutral carbon 




ap 


ID 



r 

iB 

28 

2p 

2p 

2b 

2p 

0-00 

0000 

0*000 

0*000 

0*000 

0*000 

0*000 

0-02 

0*491 

0*106 

0*002 

0*002 

0*106 

0*002 

0-04 

0*872 

0*186 

0*009 

0 009 

0*187 

0*008 

000 

1*162 

0*245 

0*018 

0*018 

0*248 

0*018 

0-08 

1*378 

0*287 

0*031 

0*080 

0*291 

0*030 

0-10 

1*532 

0*315 

0*046 

0*046 

0*318 

0*044 

012 

1*636 

0*329 

0*062 

0*061 

0*333 

0*060 

0-14 

1*700 

0*333 

0*080 

0*070 

0*837 

0*078 

016 

1*731 

0*328 

0*100 

0*098 

0*332 

0*096 

018 

1*736 

0*316 

0*120 

0*118 

0*320 

0*115 

0-20 

1*720 

0*298 

0*141 

0*139 

0*301 

0*130 

0*26 

1*619 

0*231 

0*196 

0*192 

0*233 

0*188 

0-30 

1*466 

0*146 

0*249 

0*246 

0*146 

0*240 

0-36 

1*293 

0*050 

0*303 

0*299 

0*060 

0*292 

0-40 

M 20 

- 0*048 

0*366 

0*360 

- 0*050 

0*841 

0-46 

0*966 

^ 0*146 

0*404 

0*398 

- 0*149 

0*388 

0-60 

0*807 

- 0*239 

0*449 

0*443 

- 0*244 

0*431 

0'55 

0*675 

- 0*327 

0*402 

0*486 

- 0*333 

0*471 

0-60 

0*661 

- 0-408 

0*530 

0*622 

- 0*414 

0*608 

0-66 

0*463 

- 0*480 

0*664 

0*660 

- 0*487 

0 * 64 () 

0-70 

0*381 

- 0*646 

0*696 

0*686 

- 0*553 

0*569 

0*76 

0*312 

- 0*602 

0*622 

0*612 

- 0*610 

0*694 

0-80 

0*264 

- 0*660 

0*646 

0*636 

- 0*669 

0*616 

0-9 

0*168 

- 0*726 

0*082 

0*670 

- 0*734 

0*660 

10 

0*110 

- 0*776 

0*707 

0*094 

- 0*784 

0*678 

M 

0*072 

- 0*804 

0*721 

0*708 

- 0*811 

0*686 

1*2 

0*047 

- 0*815 

0*726 

0*713 

- 0*821 

0*091 

1*3 

0*030 

- 0*811 

0*724 

0*711 

- 0*816 

0*690 

1*4 

0*020 

- 0*796 

0*716 

0*704 

- 0*800 

0*684 

1*6 

0*013 

- 0*774 

0*702 

0*691 

- 0*776 

0*673 

1*6 

0*009 

- 0*745 

0*684 

0*675 

- 0*746 

0*669 

1*7 

0*006 

- 0*713 

0*664 

0*666 

- 0*712 

0*643 

1*8 

0*004 

- 0*677 

0*642 

0*636 

- 0-676 

0*626 

1*9 

0*0025 

- 0*640 

0*617 

0*613 

- 0*637 

0*606 

2*0 

0 * 001 , 

- 0*603 

0*692 

0*690 

- 0*699 

0*686 

2*1 

0 * 001 a 

- 0*666 

0*666 

0*666 

- 0*660 

0*664 

2*2 

O-OOOg 

- 0*628 

0*640 

0*642 

- 0*623 

0*542 

2*3 

O-OOOg 

- 0*492 

0*614 

0*618 

- 0*486 

0*621 

2*4 

OOOOg 

- 0*468 

0*488 

0*493 

- 0*461 

0*490 
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Table 2 {continued) 




«P 



'S 


r 

Is 

'2s 

2p 

2p 

28 

2p 

2*6 

0*000, 

-0*393 

0*438 

0*446 

-0*386 

0*467 

2*8 

O'OOOi 

-0*336 

0*391 

0*401 

-0*327 

0*417 

3*0 

— 

-0*284 

0*346 

0*369 

-0*27b 

0*378 

3*2 

— 

-0*239 

0*306 

0*320 

-0*232 

0*342 

3*4 


-0*201 

0*269 

0*286 

-0*194 

0-309 

3-6 

— 

-0*168 

0*236 

0*262 

-0*162 

0*278 

3*8 


-0*140 

0*206 

0*223 

-0*134 

0*260 

40 


-0*116 

0*180 

0*197 

-0*111 

0*224 

4*6 

— 

-0*072 

0*127 

0*142 

- 0*069 

0*169 

5*0 

— 

- 0*046 

0*088 

0*102 

-0*042 

0*127 

6*5 

— 

-0*027 

0*061 

0*072 

- 0*026 

0*094 

6*0 

— 

-0*016 

0*041 

0*061 

-0*016 

0*069 

0-5 

— 

-0*010 

0*028 

0*036 

-0*010 

0*061 

7*0 


- 0-006 

0*019 

0*026 

-0*006 

0*038 

7*5 

— 

-0*003 

0*013 

0*017 

-0*003 

0*028 

80 


-0*002 

0*009 

0*012 

- 0*002 

0*020 

9 


-0*001 

0-004 

0*006 

-0-001 

0*011 

10 

— 

— 

0*002 

0*003 

— 

0*006 

11 

— 

— 

0*001 

0*001 

— 

0*003 

12 

— 


— 

0*001 

— 

0*002 

13 


— 


— 

— 

0*001 

14 

— 

. — 

...... 

— 

— 

0*001 


Table 3. F and G integeals and e pabametbrs (radial wave 

EITNCTIONS CALCULATED INCLUDING EXCHANGE) 

Neutral C 



C++ 

sp 



F o(2«, 20) 

0*6696 

0*6733 

0*6756 

0*6794 

^o(2p,2p) 

— 

0*6372 

0*6234 

0*4996 

2p) 

— 

0*5636 

0*6473 

0*6368 

a,{2e,2p) 

— 

0*3432 

0*3371 

0*3268 

K't(2p, 2p) 

— 

0*2426 

0*2346 

0*2198 


26*296 

22*6675 

22*694, 

22*781, 


3*3896 

1*4126 

1*4379 

1*4796 

ip 

— 

0*8632 

0*7623 

0*6233 


For 0++ it has been found (Hartree e< al. 1939) that for the three terms 
BJising from the same configuration, the value of each wave function at 
a given r is very nearly linear in /?, the coefficient of 2p) in the expres¬ 
sion for the total energy, so that the wave functions for the intermediate 
state (here ^D) can be calculated very closely from those for the extreme 


Vot. 173 . A 
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states (here ®P and ^S) by interpolation linearly in In the present case, 
this interpolation of P( 2 p) for from »P and linearly in is less 
accurate; the maximum error is 0’0019 (the interpolation is oarried out from 
the functions expressed to four decimal places). The difference between 
this result and rather close approach to linearity for is very easily 
explained by the greater differences between wave functions for different 
multiplets in the present case. For this reason P(2p) is given in full in 
table 2 ; P(2s), for which linear interpolation is good, is given only for 
ap and KS. 


4. Enkugy 

The energy is calculated only for the { 2 ^)( 2 p) shell (see for example 
Hartree et al. 1939 ). After finding the energy for with exchange the 
corresponding energy without exchange was found in the way given by 
D. R. and W. Hartree ( 1935 ). Table 3 contains the F and 0 integrals 
and energy parameters (the integrals were calculated from the final wave 
functions before rounding off the fourth decimal place). The corresponding 
energy values are given in table 4, The effect of superposition of con¬ 
figurations is calculated by the method of Hartree et al, ( 1939 , equation ( 12 )). 

Table 4. 0^^*+ and neutral C. Calculateo total energy 

OF (2«) (2p) SHELL 




(a) 

w 

(c) 

{d) 

Observed* 

Neutral C 

2#»2p* 

»P/?=-0-2 -10-647 

- l()-681 

— 

— 

-10*885 


28*2p» 

'D/J=+0-04 -iO-646 

10-579 

— 

— 

- 10*792 



i8/? = -(-04 -10-391 

~ 10*509 


— 

-10*688 

C++ 


IS -8-098 

— 

-8*070 

— 

-8*264 


iD^P 

0-101 

0-102 

0*102 

0 *l02t 

0*093 



016S 

0-070 

0*154 

0*068 

0*104 



1-53 

0*69 

1-51 

0*67 

1*12 


* Observed values for neutral C are taken from Bacher and Qoudsmit ( 1934 . 
able 12), and for from Bacher and Ooudsmit { 193 a). 

t The interaction of configurations in this case is calculated asing the integrals 
from excited state of C (Ufibrd 1938 ) by the equation (12) of Hartree of. ( 1939 )* 

Methods of calculation 

(а) Including exchange in calculation of radial wave functions and in energy 
formula. 

( б ) Wave functions calculated with exchange, superposition of configurations 
included in energy formula. 

(c) and (d) corresponding to (a) and ( 6 ) but with wave fimotions calculated without 
exchange. 
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The diiBferenoes between the different multiplets together witli their 
ratios, which resemble those for oxygen, are also given in table 4 . Finally, 
the experimental values are given for the purpose of comparison. 

I should like to express my cordial thanks to Professor D. R. Hartree 
who suggested this problem and took a great interest in its progress. I am 
very grateful to Professor D. R. Hartree and W. Hartree for their helpful 
advice concerning numerical calculation during my visit of last summer to 
England and by letters. I am also indebted to the CJouncil of the Faculty 
of Sciences of the University of Vytautas the Great for giving me the 
opportunity to visit England to facilitate my work. 


Summahy 

Solutions of Fock's equations for the self-consistent field with exchange 
have been carried out for the normal states of and and for all 
three configurations (®P, and ^S) arising from the normal configuration 
of neutral C. 

For neutral C, the energies of the {2«) (2p) shell have been calculated both 
without and with the inclusion of the term arising from the superposition 
of the (2p)* configuration on the normal (2.^)2 (2p)® configuration. 

Tables of wave functions and energies are given. 
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On the intensities of electron diffraction rings 


By M. Blackman 

{Communicated by 0 , P, Thomson^ F,R. 8 .—Received 14 June 1939) 

The intensities of the rings formed when a beam of fast electrons is sent 
through a poly crystalline film were first studied by G. P. Thomson (1929) 
in the case of thin films of gold. The intensities were found to fit very well 
(Mott 1929) with those calculated theoretically on the assumption that the 
Laue theory held for scattering of electrons by the crystallites. Results 
also in accordance with the theory were obtained by Mark and Wierl (1930). 
A recent investigation by Ornstein and his collaborators {1938) on poly- 
crystalline films of copper and silver have led to results diverging widely 
from the theoretical in the sense that if the (222) ring were fitted to the 
theoretical value the (111) ring, which is the strongest, had an intensity 
too low by a factor of two to throe. 

It had also been pointed out by Kirchner (1932) that the amount of 
scattering by atoms of the heavy elements (Au, Ag) is so large that the 
Laue theory can hardly be expected to hold, and he discounted the signifi¬ 
cance of the agreement between theory and experiment. 

In view of the results of Ornstein and his oo-workers, a consideration 
of the theoretical aspect of the scattering by small crystals seems to be 
necessary. In particular it is of interest to find out what size of crystal of 
a particular substance is com patible with the assumption of Laue scattering. 
In the following the scattering is regarded from the point of view of the 
dynamical theory in the form given by Bethe (1928). The dynamical theory 
is particularly applicable when the scattering is large, but there is no 
reason why the theory should not be used to discuss the case where the 
scattering is small, providing that it can be shown that the assumptions 
of the theory still hold. We shall consider the dynamical theory for thin 
crystals, and shall discuss the limiting case when it goes over into the 
kinematical (or Laue) form. In this way we obtain criteria as to when a 
crystal is sufficiently small to allow the Laue theory to be applied. 

In applying this to the scattering by polycrystalline films, the results of 
the investigation are not quite as definite. The dynamical theory in its 
present form can be applied only to a parallel-sided slab; in a polycry¬ 
stalline film the electrons entering through one face of a crystallite will, after 
reflexion, emerge from a face in general not parallel to the first. It seems 

[ 68 ] 
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reasonable to assume, however, that where the dynamical theory in its 
present form shows large deviations from the Laue theory, these will also 
be found in a more exact theory. 

§ 1. Bethels theory. The Schroedinger equation for an electron in the 
periodic field of a lattice takes the form 




%nhrie 


(E^V) !F-0, 


( 1 ) 


where BnhneVjh'^ and V is the potential at a point in the 

crystal. The vector g is a vector in the reciprocal lattice, i.e. 


9x^1-^92^2 + ( 2 ) 

where b^, b^, bg are the basis vectors of the reciprocal lattice, and g^ 
are whole numbers; Vg is written instead of Vg^g^g^ for convenience, and this 
convention will be used wherever feasible. 

The solution of the Schroedinger equation can be expressed as a super¬ 
position of plane waves, 

( 3 ) 

a 

where kg is a vector giving the direction of propagation of a representative 
wave, and having the magnitude 2 n/A, where A is the wave-length, g is 
the vector defined above. 

Inserting ( 3 ) in (1) we find that in order that the Schroedinger equation 
should be satisfied at all points, the following relation must hold between 
the amplitudes of the waves in the crystal 

+ v„- *?) -h = 0 , ( 4 ) 

where Jf* «t SnhneE/h*. £' denotes that the term containing v, is to be 
omitted; k,, ako + f^’i'h and » { k^ |. 

The relations ( 4 ) show that the amplitudes of the waves are all inter¬ 
related. These equations can be reduced in number by considering only 
those waves for which the amplitude is large. It will be seen from ( 4 ) that, 
in general, a large amplitude is obtained only when the Laue condition 

k\ *= -f V0 = AC® (6) 

holds either exactly or very nearly so. 

lu figure 1, 0 and P are two lattice points in the reciprocal lattice. PO 
rapxesents the direction of the incident wave modified by refraction and 
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I PO I =* 1/A, where A is the wave-Ien^h in the orystaL The condition 
which would give a very large amplitude for the reflected wave is 

iP 0 |-|PJ 7 |= 0 , 


and hence the difference ) PO j — j PH\ plays an important part in the 
theory. In Bethe’s notation it is put equal to f/ 27 r; £ is called the “ex¬ 
citation error”. 




Fioubb 1 . Vectors in reciprocal 
lattice space fulfilling the Laue 
conditions. 


Fiuurb 2. The representation in the re¬ 
ciprocal lattice of the “excitationerror" 
f (md the resonance error e. 


In the simplest case where we have only one reflected wave, the relations 
( 4 ) reduce to a set of two. The condition for a solution is that the deter¬ 
minant of the coefficients of the \jr functions vanish. If we put /c— ii\, Cj, 
— 6„ where and kj, represent a primary and a secondary wave 
respectively (figure 2), then can be shown to depend on and Inserting 
these expressions into the reduced form of ( 4 ), a quadratic equation for 
will be found to result from the condition that the determinant of the 
coefficients of and should vanish. There are hence two different sets 
of values of and . 

To fix tlie waves uniquely, it is necessary to take the boundary con¬ 
ditions into account. These may be summed up by stating that the com¬ 
ponents of the wave vectors of the primary waves tangential to the surface 
must be the same as those of the incident wave. Assuming that the normal 
to the surface, the incident ray and the normal to the reflecting plan«»s lie 
in the same plane, we can arrange for the boundary conditions to be 
satisfied by a construction given in figxxre 2. The vector PO represents the 
original wave incident on the crystal modified by refraction, i.e. | JPO | » 1/A. 
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Through P a line PN is drawn parallel to the normal to the surface of the 
crystal Then the primary waves in the crystal are obtained by joining 
two points on PN to 0 , since the vectors representing these waves will have 
the correct projection on the surface. The secondary waves are obtained 
by joining the points to H. The actual position of these points is deter¬ 
mined jfrom ( 4 ) by transforming the equation for into one for d, where 
d is the distance from P along the line PN. In this way the solution for the 
sets of waves inside the crystal is fixed completely. 

§ 2. The intensity of the reflected tmves. The tlieory as outlined in § 1 
can be applied directly to the case of a parallel-sided slab, because in that 
case the two secondary waves will fit together at the lower surface to 
form a single wave outside the crystal. The direction in which the waves 
travel can be found from the condition that the secondary wave outside the 
crystal should have the same wave-length as the incident wave. 

The calculations show that completely different results are obtained 
(a) when the electrons emerge from the surface on which they fall, (6) when 
they emerge from a different surface. Case (a) is known as the Bragg case, 
case (6) as the Laue case. The Bragg case is of little importance for the 
purpose of this paper, and we confine ourselves to the Laue case. 

This case can be treated on lines indicated by Bethe (1928), and the ratio 
of the scattered intensity to the incident intensity for a film of thickness H 
can be shown to be 

/ - /o 8in« {^(If^+!)*}/(IF*-f 1), (6) 

where A « vH (cos 6 ^^ 12 k cos 6 ^ (cos and W - K^jv. Here the angles 6 -^ 
and ^2 are those shown in figure 2. The suffix of the Fourier coefficient has 
been dropped because we deal with the case where there is only one 
reflexion. For fast electrons, with which we are concerned, the Bragg 
angle is small, and the ratio (cos OfooB 6 ^^ can, in general, be put equal to 
unity. Though the angle 6 ^ has been defined in figure 2 in the particular case 
where the incident ray, the normal to the surface and the normal to the 
reflecting planes lie in the same plane, the above formula holds for fast 
electrons in the general case with 6 ^ again the angle between the direction 
of the reflected wave and the normal to the surface. 

We consider first the intensity of the reflected wave when the Laue 
conditions ore exactly fulfilled, i.e. ^ ~ 0. The intensity will depend on the 
thickness of the plate and the direction of incidence relative to the normal 
to the surface. Keeping this direction fixed, the intensity has a periodic 
ohiuraoter as a fimetion of the thickness, an effect first pointed out by 
Ewtdd (1917) in the case of X-rays. For very small thicknesses it has a 
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value proportional to reaches a maximum when A = 7r/2 and has ita 
second zero value when A = n. Besides this the intensity will vary as the 
crystal is turned out of the Bragg angle. Except in the region near A 
2 n, etc., the intensity will drop steadily to zero and then go through a 
series of secondary maxima, the intensity of which decrease steadily. In 
the region near A 2 n, etc., the intensity will first rise to a maximum 
and then decrease to zero. Typical curves are shown in figure 3 . 



Figchk 3. The reflected intensity os a function of ^ for a thin plate 
(o) when A^nji, (h) when A =n. 


This behaviour will probably not be observable in the case of a poly- 
crystalline film. It is, however, probable that th i n coherent films, e.g. of 
mica or of molybdenite, may be sufficiently tegular to show the effect on 
rotation or when they are bent. When such a thin film is rotated out of the 
position where it gives a strong reflexion (C * 0)i it wiU come into a position 
where the reflexion is weak; on being further rotated the vfdue of ^ will 
change to one for which the intensity of reflexion is a relative mavimiiw 
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and these maxima will appear at regular intervals. Their position on a 
photographic plate exposed during the rotation will depend on the way the 
direction of the secondary wave is changed as a function of This can be 
shown (Thomson and Blackman 1939) to depend on ^ tan d^jK in the above 
notation. The angular spacing of the secondary maxima would be A tan 6 JH 
if A <^7r/2 for the case given in figure 2. In the general case the angle must 
be replaced by another; for the details, we refer to the paper by Thomson 
and Blackman (1939). 

If such a film is bent and adjusted to give reflexion from a set of planes, 
there will be a large part of the area for which the incident beam does not 
make the correct angle with the planes, i.e. f+ 0 . There will be a progressive 
cliange in the value of ^ for the planes lying on each side of those for which 
^ = 0; in that case there will be reflected rays corresponding to all values of 
and these rays will emerge at slightly different angles and will have 
intensities determined by the particular value of We can, therefore, 
obtain all the secondary maxima at one setting of the crystal, the angular 
spacing of these being practically identical with that given above. 

For thin films (^<^7r/2) the effect becomes indistinguishable from 
another, due to the small size of the crystal. When the thickness is very 
small the solution of the Schroedinger equation in the above form is no 
longer valid; the reason is that the mathematical point in the reciprocal 
lattice spreads out into a region and the reflected beam can show the 
secondary maxima given by the Laue theory. Such cases have been found 
by Finch and Wilman (1936) in the case of thin sheets of graphite. 

It is hence extremely difficult to separate the two effects either in a 
rotation photograph or in a bent crystal photograph. There is, in addition, 
the question of the interaction of these very weak waves with other waves 
in the crystal, as the assumption of the dynamical theory, that the re¬ 
flected waves considenid are stronger than aU the others, is no longer 
fulfilled. It should be possible to observe the split maxima in the region 
if the films are sufficiently regular in thickness. 

The size of the periods referred to above is of some interest, especially 
as it can be shown to be of the order of 100 A, i.e. of the order of the 
size of the crystals and films used in electron diffraction work on trans¬ 
mission of electrons. The first maximum in the scattered intensity at the 
Bragg angle (i.e. at f == 0) considered as a function oi v or H is reached 
for A «7r/2, i.e. vH = ttk cos 6 ^. Taking cos 6 ^« 1 , which will give the value 
of H for direct transmission, we have vH «= itk. Now 
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where is the actual Fourier coefficient of the potential, and putting 
V in volts, H in angstroms and taking for k a value 100 x 10* om.~^ 
(corresponding to an energy of 37-6 kV), this becomes 

( 7 ) 

Taking the (111) reflexions of gold, silver and aluminium for which the 
values of V are 24 * 2 , 17*3 and 6*6 V* respectively, the values of H become 
45 *5, 70 , and 180 angstroms respectively. It is hence clear that the 
kinematical theory is not applicable to a polycrystalline film of gold or 
silver of thickness a hundred angstroms, though it might be in the case of 
aluminium. 

It can be seen from these, as also from more elementary considerations, 
that it is the product vH which determines whether the scattering is small 
or not. In the case of the outer rings, e.g. ( 531 ), the value of v is in general 
so low that the kinematical theory of Laue can be applied. To obtain a 
numerical estimate of the value of H below which the theory con be applied 
to all rings, we consider the intensity of the scattered wave (at ^ » 0) in the 
case of the strongest reflexion (lll).t Table 1 shows these values when 
the ratio of the scattered intensity to the incident intensity is 5 and 10 %. 
The error made in these two cases if the kinematical theory is assumed is 1*9 
and 3*5 % respectively. 


Table 1 

Thickness of film (angstroms) 


Ratio 

Error 

/o 

Gold 

Silver 

Aluminium 

006 

1*9 

6*5 

10 

26 

010 

3-5 

9 

14 

38 


A more general method of treating the scattered intensity is to consider 
the integrated intensity, i.e. the total intensity scattered when the crystal 
is turned relative to the incident beam. 

* The data for calculating these Fourier coefficients were taken from a table of 
/o values given by James and Brindley ( 1931 ). Hie method of calculation is given, 
for example, by Froehlioh, Mlektwnentheorie der MeUxUe. 

t In the above work the absorption of electrons (due to inelastic ooUisions) has 
been neglected. Tlie absorption will, of course, materially reduce the intensity of the 
elastically scattered wave. The sizes of the crystals deduced above will, however, 
still be a rough measure of the point where the kinematical theory (with absorption) 
will go over into the dynamical theory. 
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The intensity reflected at any setting is 

1 - 4 sin* {A(W^^l)^]/{W^ + l), 

where A ^vHj 2 fc cos 6 ^, and W ^ is, of course, zero when the 

direction of incidence fulfils the Laue conditions. When the direction of 
incidence differs from this direction by an amount a (in angular measure), 
the value of f can be shown to be 2 k 6 ix. The total reflected intensity when 
the crystal is rotated with angular speed u) is 

4 = ^J'^"8in*(J(tr“*+l)»}/(ir*+l) da 

where Iq is the intensity incident per unit time. 

The above assumes that the angle through which the crystal can be 
turned relative to the incident beam while giving appreciable reflexion is 
sufficiently small to allow 1 ^ to be treated as constant; it is further assumed 
that the intensity has dropr>ed sufficiently when a is large to allow the 
limits to be extended to infinity. This approximation is justified in all the 
applications made here. 

The integral can be transformed into 

For small values of A the Bessel function t/o(2x) is practically a constant 
(unity), and hence 

4 = I^vAjK^u) - Iovm'l2K»dw, 

where H' = Jtf/cos 0 ,. The integrated intensity has there the kinematical 
form; it is proportional to v® and to the volume of the crystal as the in¬ 
tensity ij, intercepted from the main beam will be proportional to the area 
of the surface. 

For values of A which are not so small, the value of 4 deviates from the 

kinematical value. In figure 4 the function R(A) = J* jQ{ 2 x)dx has been 

plotted as a function of A. From this curve the value of the integrated 
intensity /j. can be obtained immediately; the curve need only be multiplied 
by the factors given in ( 9 ), the most important of which is the term v. 
The oharaoterktic feature is that the curve gives smaller values than would 
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be expected from an extrapolation of straight line which represents it for 
small values of A. For very large values of A 

f Jo(2x)dx= [ Jo(2x)dx=‘ 

Jo Jo 

and the value of ij. becomes 

iy ~ IqvI2k^(i), (10) 

i.e. the integrated intensity is projwrtional to v, which is one of the 
characteristic features of the dynamical theory for thick films. 



02 0'4 0-6 0-8 I'O 1-2 1-4 


Fioube 4. The intensity function R{A) and the averaged intensity function R(A„)i 
A and Ag have been defined in the text. Tlie ordinate is plotted in arbitrary units, 
but S(i4o) from the vaJues given in the above curve for i{(il). 

The point at which the value of Ij, differs appreciably (~5 %) from the 
V* law can be obtained from the curve as well. The values found with data 
for the ( 111 ) reflexions of gold, silver and aluminium are 11 ' 6 , 18 and 46 
angstroms respectively. 

In the above considerations there are two points which require further 
investigations. The first is that the theory, as it stands, is an extrapolation 
of the theory for an infinite lattice: when one deals with films which may 
be as little as ten atoms thick, the relation between the rays in the crystid 
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afi given by the Bethe theory is no longer valid. This can be expressed in 
the form that a point in the reciprocal lattice should be replaced by a region, 
which means that the intensity of the reflected waves would be changed. 
Though it would be impossible to treat this problem exactly, the effect of 
an extended region in the reciprocal lattice can be investigated by replacing 
the region by two points of suitable weight, and carrying through the Bethe 
theory for three waves instead of the usual two. An investigation was 
carried through in a case where the value of v was that for the (ill) 
reflexion of gold, and the size of the crystal was taken to be 20 A. The two 
points in the reciprocal lattice were cliosen in weight (10 : 1) and distance, 
in such a way ets to reproduce the featiires of the region as far as was 
possible with such an approximation. The calculation showed that the 
integrated intensity differed very little (less than 1 %) from that found in 
the case where one point in the reciprocal lattice was taken and the whole 
weight attache<l to it. 

In so far the extension to the region of small crystals seems to be 
satisfactory. There is, however, a second feature which needs consideration. 
A consideration of the kinematical theory shows that with the small wave¬ 
lengths used, and with the small crystal size, there should be a number of 
reflected waves at each setting of the crystal. This must still be true in 
the dynamical theory for small crystals. These additional reflexions will 
change greatly in intensity as the crystal is turned, and will sometimes add 
to the intensity of the reflexion under consideration and sometimes reduce 
it. It is, therefore, probable that the effect when averaged will be small. 
An exact estimation will, however, be extremely complicated, and it is not 
thought worth while extending the investigation in this direction, 

§ 3 . Application to a polycnjstalline film. The main object of the above 
investigation was to throw some light on the intensity of the electron 
diffraction rings from a thin polycrystalline film. The application of a 
theory based on a parallel-sided film can be regarded as justified only in so 
far as it can be considered to be a good approximation to the exact theory. 
Now the above theory does give all the features of the kinematical theory 
(in the same way that a more complete theory should do) when the scat¬ 
tering is small, and it seems reasonable to suppose that where the theory 
deviates a great deal from the kinematical theory, this deviation will be 
reproduced in the more exact theory. As will be shown below, the de¬ 
ductions as to the deviations do seem to fit in with the experimental facts. 

In the application of the theory, one has to consider first how the 
experimentally determined intensities of the various diffraction rings are 
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reduced to standard intensities for comparison with the theory. This is 
done by adapting the X-ray formulae (Compton and Allison 1935) for 
scattering by a polycrystalline film to the case of electrons. This scattering 
formula is based on kinematical considerations, but an examination of the 
method by which it was obtained shows that the same formula should 
apply, provided the kinematical atomic scattering factor is replaced by a 
dynamical one. 

In equation (8), for example, we have a case in which the dynamical 
factor D == vR(A) goes over into the kinematical factor vA (which is pro¬ 
portional to v^) for a thin plate. In the case of a ]:)olycrystalline film we 
should again expect the term for sufficiently small crystals; the dyna¬ 
mical factor will not be D but a suitable average value D, as D contains 
the parameter A in which the angle between the reflected ray and the 
normal to the surface enters. An exact calculation of the average value 
would be very difficult and would, in any case, be impossible without an 
exact theory. We have, therefore, to use qualitative considerations. 

In finding the average it is clear that, other things being equal, surfaces 
for which the angle between the incident ray and the normal to the surface 
is large will be less important than those for which it is small, since the 
area projected normal to the beam will be less in the former case.* To allow 
for this the function D{A) (or R(A)) has been averaged over the region 
-7r/4, equal weight being assigned to all angles in this region. 
It may be remarked that several other ways of arriving at the avcfetge 
were tried, ail of which led to the same type of curve and gave practically 
the same results. 

The averaged value of the function R(A) is shown in the upper curve of 
figure 4 . The abscissa Aq differs from A in that the cosine term has been put 
equal to unity. As is to be expected from the method of averaging, the 
averaged function is not very different from the initial function R{A), 

It will be shown below that this function does represent with surprising 
success the intensities found by Ornstein and his co-workers when a 
reasonable value is assumed for the average size of the .crystals, f The 
comparison for silver is given below 

* For the Bragg case the angle is always very large (for fast electrons); for this 
reason we are justified in neglecting the Bragg ease and in confining ourselves to the 
Laue case. 

t The effect of absorption has been neglected in the above considerations. As the 
intensities given by experiment ewe only relative ones, the formulae used above will 
efcill hold if the assumption is made that the intensity of each ring is affected in the 
same way by the absorption. In the case of polyorystoUine films and transmission 
by fast electrons the deviation of the electrons in the scattering is a few degrees at 
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Table 2. SiiiVBB 

Intensity functions 


Theoretical 


Ring 

Experimental 

D 


E 

(111) 

113 

117 


166*3 

(200) 

93 

105 


132*7 

(220) 

66 

66 


66*0 

(311) 

61 

47*7 


46*1 

(331) 

27 

24*2 


2 M 

(420) 

24 

22*4 


19*5 

(422) 

20 

17-4 


16*0 

(333) 

11 

140 


12*6 


In the above table the experimental intensity represents the intensity 
of the rings reduced to the form in which it can be compared directly with 
the theoretical function. The function E is that deduced on the assumption 
of kinematical scattering and is proportional to The function D 
(which is the averaged value of D) has been calculated from the upper 
curve given in figure 4 with the assumption of an average value of the size 
H « 50 A, this value being chosen by trial. The values of the which also 
enter into this calculation are the same as those used to find the values 
of E. The value of k is determined, of course, from the voltage used in the 
experiments of Ornstein and his co-workers. As the experiment gives only 
relative values of the intensity, the values of D and E are chosen so as to 
fit the experimental results at the (220) ring, which is the best as regards 
accuracy of measurement. In deciding on crystal size the main weight has 
been given to the first few rings, as the photometric estimation is much 
more accurate for the prominent rings and as the subtraction of the heavy 
background is attended by less error than in the case of the weaker rings. 
No correction has been applied for the effect of the heat motion; this 
correction would be quite important for the weaker rings and the theoretical 
intensities would have to be reduced. As the experimental accuracy is, 
however, only ± 16 %, it is hardly worth while including the heat cor¬ 
rection. 

Table 3 gives a comparison for the case of copper, the experimental 
intensities again being those found by Ornstein and his co-workers. 

The value of the average size of the crystals of copper assumed above 

the most (in the case of the rings considered liere); the sizes of the crystallites re¬ 
sponsible for different rings can certainly be taken to be the same; so that the 
assumption that the absorption affects each ring similarly seems to be justified. 
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was 63 A, which is appreciably larger than the size of the crystals of 
silver. 

Table 3. Copper 


Intensity functions 


Theoretical 


Ring 

Experimontal 

n 

E 

(111) 

127 

126 

216 

(200) 

93 

JU 

154 

(220) 

66 

66 

66 

(311) 

60 

46 

43 

(331) 

26 

22-4 

10-6 

(420) 

26 

21-2 

18‘3 

(422) 

21 

16-7 

14-1 

(333) 

12 

13>9 

11-8 


The above agreement is very good on the whole, but it should not be 
taken as indicating more than the correctness of the general form of the 
intensity function D which replaces the usual function E. It would be of 
some interest if the estimate of the size of the crystals could be checked as 
well. 

The calculation of the Fourier coefficients is based on the Bom theory 
of the scattering of fast electrons. In the evaluation the Thomas-Fermi 
atomic model is used so that the individual features of the electronic 
arrangement in the atom is neglected.* Another factor of some importance 
is that the scattering of the electrons cannot be considered as small in the 
case of heavy atoms, so that the Born approximation is not strictly valid. 
This point has been investigated by Henneberg (1933), who finds dis¬ 
crepancies for mercury atoms but fairly good agreement for silver. The 
numerical values of the are actually smaller by 10%, but the relative 
values are practicaUy the same as before over the range used. 

The case for gold is interesting as an example of a particidarly heavy 
element. It was the first to be investigated (Thomson 1929) and the com¬ 
parison with the theoretical values of E made by Mott (1929) seemed to 
give good agreement, A closer examination shows that there is a dis¬ 
crepancy in the same sense as that found by Ornstein and his co-workers 
(1938) for silver and copper. This can be seen in table 4 , 

* The method given by Bethe (x 92 $)» using hydrogen-like wave functions, yields 
13-4 V for Fill in the case of silver, whereas the method used above gives i6»5 V 
according to lYillat and Hautot ( 1938 ). 
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The theoretical calculations were made on the basis of the Born theory. 
It will be seen that the most important rings (( 111 ), (200)) give a value 
which is too low if the curves are fitted to the (220) ring. The calculations 
of Henneburg show that this discrepancy should be even greater, and also 
that the agreement found above is to some extent accidental. The data 
given are not sufficient to allow a detailed comparison to be made for gold, 
but it would seem possible to fit the experimental results of Thomson 
(1929) with an average size of 30-35 A. This value is a reasonable one, as 
the films used hod a thickness of 70 A in one case, and the rings them¬ 
selves wore liot particularly sharp. 

Tabljs 4. Gold 

Intensity functions 


King 

Experimental 

Theoretical (JU) 

(llt)l 

(200)/ 

127 

166 

(220) 

67 

63*2 

(311)1 

(222)/ 

42-2 

43-5 

(331)1 
(420) i 

20-8 

20*6 

(422)1 

(333)/ 

1()'2 

13*9 


The theory as outlined above cannot explain the experimental results 
obtained by Mark and Wierl (1930) who macie a careful study of the 
scattering in the case of foils of silver, gold and aluminium. Since the rings 
they obtained were sharp, their crystals must have been comparatively 
large, but they found good agreement with the theoretical function E. 
which, on the above theory, should be the case only for very small crystals. 
Their results for silver do not, however, lit in with the later work of 
Ornstein, Brinkman, Hauer and Tol, and at present it is imjmssible to 
decide as to the cause of the discrepancy. 

I should like to express my thanks to Professor G. P. Thomson, F.R.S., 
for his interest and advice. I am also indebted to Dr W. Cochrane for many 
helpful discussions. 


SUMMAHY 

The reflexion of electrons by a thin film is examined from the point of 
view of the dynamical theory in the Laue case. The formulae are used to 
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obtain a criterion which determines when the scattering is sufficiently 
small to allow the kinematical theory to be applied; it is found that this 
theory is not, in general, applicable to the thin films used in work with fast 
electrons. The total intensity scattered from a film when it is turned 
through its range of reflexion is also found, and the result is used to obtain 
an approximate intensity function showing how the intensities of the 
diffraction rings from a polycrystallinc film will vary when the scattering 
is sufficiently large for the kinematical theory to be inapplicable. This 
intensity function is tested by comparing it with the experimental intensity 
function found for copper and silver. It is found possible to obtain a good 
fit with very reasonable assumptions as to the average crystal size. 
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The microscopic analysis of intermediate phases 
in some age-hardening alloys 

By Marie L. V. Gaylkr, B.8c. (Mrs Haughton) 

National Physical Laboratory 

{Communicated by C, H. Desch, F.M.S.—Eecswed 22 June 1939 ) 

[Plates 3-6] 

Introduction 

In 1932 ^ Mehl, Barrett and Rhines published data on the nature of the 
precipitates in aluminium alloys containing copper and magnesium silicide 
respectively. They found in the first case that the precipitation of CuA^ 
from solid solution took the form of plates parallel to the (100) plane in the 
solid solution lattice. These investigators remarked: “The etching reaction 
of the j>articJes found was so indefinite, because of the minuteness of the 
particles, that it could not be used to identify the phase. Since, however, 
Schmid and Wassermann have found CuAlg in over-aged alloys with 4 - 5 % 
Cu, and since in the present work diffraction lines correspond in position to 
those from OuAla, we may consider the precipitate observed to have been 
CuAl^.. . .These photographs show the precipitate to be chiefly in the form 
of plates.. . .Furthermore, these plates are well defined in low copper con¬ 
centrations but poorly defined in high., . .In figs. 2 and 3 (1 % Cu alloys 
aged 5 days at 350 and 360 ° C respectively) there is shown one family of 
I>late8 lying nearly in the plane of polish, and two others, the edges of which 
form approximately a right angle, the plates in the plane of polish are 
especially evident in fig. 3.” 

These investigators also found that during the ageing of an alloy of 
aluminium and Mg^Si, no evidence could be obtained of MggSi or silicon 
being precipitated after ageing 1 hr. at 350 ° C. There were, liowever, indica¬ 
tions of AljMgg which also took the form of plates chiefly lying parallel to 
the (100) plane in the solid solution lattice, but also, at higher concentra¬ 
tions of solute, upon the (110) plane. 

Three years after the above was published, Wassermann and Weerts (1935) 
detected an intermediate phase during the ageing of a copper-aluminium 
^Uoy. This has since been confirmed by other investigators (Fink and Smith 
1936; Wassermann 1938; Calvet, Jacquet and Guinier 1938; Preston 19385), 
who showed, further, that this new phase existed alone or with CuAla over a 

r 83 ] 6-2 
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wide temperature range, and that the latter appeared at the expense of the 
former on prolonged ageing. 

Using a new X-ray technique Calvet ei aL (1938) and Preston (1938a), 
independently, showed that in the early stages of the ageing of copper- 
aluminium alloys, copper atoms segregate in the form of plates on (100) 
planes. These plates gradually increase in size and number as ageing pro¬ 
ceeds and gradually a new phase appears in the Laue photograph, the 
structure of which is tetragonal, but Preston found that it was of the 
calcium fluoride type. He observed: * ‘ The structure is different from that of 
CuAlg as usually obtained. Whether it is to be regarded as a metastable 
'intermediate ’ j)hase or the stable form of (JuAlg at low temperatures is not 
clear. The new crystals are closely united to the aluminium; (100) planes of 
the aluminium lattice are in close contact with (001) planes of the new 
crystals.’’ 

The plates of copper atoms must be the origin of the plates observed by 
Mehl, Barrett and Rhines (1932) in their copj)er-alummium alloy since they 
were also observed on (100) planes. The identification of the latter plates 
was based on the researches of Schmid and Wassermann (1928) and the 
results of more recent investigations Buj^port this conclusion that the plates 
were CuAlg, since they show that there is little chance of any intermediate 
phase being present in an alloy aged 5 days at 350 or 360 ° C. 

Calvet et al. (1939) have just published microscopical evidence of the 
precipitation of the intermediate phase, and have identified it solely by 
X-ray analysis. They have not differentiated the precipitate, micn)sco- 
picaUy, from CUAI2, neither have they produced any microscopical evidence 
in support of their X-ray results that the intermediate phase changes to 
CuAla. 

In the present paper, for simplicity, the intermediate phase will be called 
a CuAIg and the constituent generally known as CuAlg will be termed 
/} CuAl,. 

The present investigation is based on the microscopic analysis during 
ageing of two cop}>er-aluminium alloys of high purity containing 4% 
copper and 4 % copper+ 0 * 5 % magnesium respectively, and also of an 
alloy of the duralumin type made with aluminium of purity 99*7 % in which 
no manganese is present. 


Experimental 
(1) 4:% copper-aluminiunt 

Specimens were cut from a forged and rolled strip of the high-purity alloy 
which previously had teen heat treated for 7 days at 636 ° C, quenched and 
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aged at room temperature. The specimens were re-heat treated before 
ageing as in table 1. 

Table 1 




Ageing beat treatment 

Alloy 

Quenoliing 


—...^ 

number 

heat treatment 

Time 

Temperature 

I 

1 day at 640'^’ C 

27 days 

250'’C 

2 

2 days at 640' C 

4 min. 

300'’ 0 



12 min. 

300'’ C 



1 hr. 

300'’ C 



lOhr. 

300^0 



4 days 

300'" C 

3 

1 day at 637'^ C 

1 hr. 

360 " C 


The specimens were polisluni after each heat treatment, and were lightly 
swabbed with ^ % hydrofluoric acid (l)ix and Heath 1928) during the 
process in order to ensure that a true surface was being examined. In a few 
specific instances the specimens were etched, but in general there was no 
need to do so. 

(a) Ageing temperature 250 "" C 

The microstruoture of the specimen aged 27 days at 250 ^" C was extremely 
fine, and magnifications of 2500 diameters were necessary in order to see the 
structure at all clearly. Most of the grains showed the characteristic 
Widmanstatten precipitate, as seen in the left-hand grain in figure 1, plate 3, 
but in a few precipitation had taken place on planes in two directions which 
appeared to be practically at right angles to one another and, also, super¬ 
imposed on this structure were blue-grey plates of diflFerent sizes generally 
tending to be elongated in one direction. The latter were distributed more or 
less at random over the whole grain as seen in the grain at the bottom of 
figure 1, plate 3 . The third grain in the photomicrograph shows a similar 
structure but with much larger particles of the blue-grey phase, together with 
rounded irregular pieces of Cu A4 of a slightly pink colour, the appearance 
of the two being quite distinct. In the grain boundaries CUAI2, in its 
usual characteristic form, is to be seen. 

Figure 2, plate 3, shows the structure of another grain in the specimen, in 
which the irregular-shaped plates are seen suj>erimpo8ed on a structure 
consisting of a precipitate on plates at right angles to each other. These 
plates differ from those previously mentioned in that while some are the 
blue-grey phase, others are CuAl^ or a mixture of both these phases. The 
photomicrograph does not show very clearly that which is quite clear to the 
eye under the microscope. 
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The nature of the ^‘duplex*’ plates is of importance for the following 
reasons: (1) the blue-grey phase seems to merge from the aluminium 
matrix, i.e. there is no distinct boundary between the two phases; (2) the 

CuAlg, on the other side of the plate, stands definitely out of the matrix; 
whilst (3) there is no line of demarcation between the blue-grey phase and 
the /? CuAIg. 

Considering these facts in conjunction with the X-ray analyses (Calvet ai. 
1938; Preston 1938a and fc), it is clear that these plates, scattered at random 
across a surface which shows a precipitate separating in the plates at right 
angles to each other, must (a) have originated in the copper plates formed 
in the early stages of ageing on (100) planes; (6) the blue-grey phase must 
be the intermediate phase, a CuAlg; and (c) in figure 2 is the visible evidence 
of a CuAla changing into CuAlg. To check that a OuAI2 and /? CuAJ^ were 
both present in the specimen, an X-ray analysis was carried out by the 
author’s colleague, Mr G, D. Preston, on filings, taken from the same 
original strip. These were heat treated simultaneously with the specimen: 
lines of a CuAlg as well os CuAlg were seen on the spectrogram in nearly 
equal amounts. 

The fact that aCuAlj (blue-grey phase) is seen merging from the 
aluminium matrix, with no definite boundary between the two, is micro¬ 
scopic confirmation of Preston’s remark that *‘the new crystals (i.e. 
aCuAl^) are closely united to the aluminium lattice” (Preston 19386). 
Figure 6 may also bo compared with figxire 2 in this light. 

Furthermore, /^^CuAl^ is noj; the product of a reaction between the 
aluminium matrix and a CuAl^, otherwise a reaction ring would be seen 
surrounding the a CuAla particles. The fact that a CuA^ is seen micro¬ 
scopically to change gradually into CuAlg indicates, instead, that a poly¬ 
morphic transformation must be taking place. The different rates of change 
at different temperatures, as observed by X-ray analyses, are in keeping 
with the progress of a poljnnorphic change. 

Preston (19386) could not, from X-ray analysis, establish whether a CuAlg 
was a metastable “intermediate” phase or the stable form of CuAl^ at low 
temperatures; the above microscopic analysis shows, since a polymorphic 
change is occurring, that the existence of a CuAJg at low temperatures is 
metastable under these conditions. 

Since a CuAlg is a metastable form of /? CuAlj, there must be a tem¬ 
perature at which the rate of change of a CuAlg-^/^ CuAlj takes place at a 
maximum rate, i.e. instantaneously. 

From the miorographic analysis described later this temperature must be 
above 350 '’ C, and fit)m data not yet published it is probable that CuAlg 
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is only precipitated directly from the solid solution when it is aged at a 
temperature immediately above the temperature of quenching, i.e. that 
a CuAljj is always formed before /? CuAlg when the supersaturated solid 
solution is aged at temperatures up to and including the quenching 
temperature. 

(h) Ageing temperature € 

Ageing at 300° C accelerates ageing and, therefore, the rate of trans¬ 
formation of a CuAlg to CuAla- Maximum hardness is attained at 300° C 
in about 8 min,, but particles of a CuAlg can only be identified after longer 
ageing. Figure 3, plate 3, under a magnification of 500 diameters, shows 
the structure after 1 hour’s ageing. 

Tn two of the grains, apart from precipitation along definite crystallo¬ 
graphic planes, evidence points to the plane of polish being parallel to 
( 100 ) planes, and as in the previous experiments, small plates can be seen 
which have no definite orientation. 

Similar structures were obtained on ageing the alloy for 10 hr. at 300° C as 
seen in figures 4 and 5, plates 3, 4. The 8 |)ecimen in figure 4 has been etched 
with 25 % nitric acid in water, and since the elongated plates, which are 
scattered at random in the plane of j)olish, are not (jolourod by this etching 
reagent, they are definitely not fi CuAlg. The same specimen was repolished 
but swabbed with | % hydrofluoric acid during polishing, and the charac¬ 
teristic blue-grey a CuAl^ plates of irregular size and shape were observed 
partly or completely changed to CuAl^, cf. figure 5. 

Figure 6, plate 4, shows the structure of a grain when the alloy is aged 
4 days at 300° C. The photomicrograph shows that a CuAlg is closely con¬ 
nected with the aluminium matrix. The X-ray analyses of filings of the 
alloy heat treated simultaneously with the above specimen were carried 
out by Mr G. D. Preston. Lines of the fi CuAla phase were observed after 
all heat treatments, from 4 min. to 4 days, in increasing amounts, together 
with lines of an intermediate phase which attained maximum strength when 
the filings had been aged 1 hr. at 300° C. 

These results confirm the presence of a and p CuAl^ in the aged specimen. 

(c) Ageing temperature 360° C 

a CuAlg was observed in the alloy when aged for 1 hr. at 350° C. Some of 
the particles had partly or completely changed to yffCuAl^, which fact 
shows that cc CuAl^ must be first formed from the supersaturated solid 
solution when aged at temperatures considerably above 360° C, 
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(d) Discussion of results 

Cal vet et a?. {1938) and Preston (1938a) have shown that during the initial 
stage of ageing segregation of copper atoms occurs on (100) planes and that, 
with increased i)eriod of ageing, these atoms form plates. Preston remarks: 
‘‘The observed effects.. .are most certainly connected with the formation 
of the ‘intermediate’ phase discovered by Wassermann and Weerts (i 93 S)* 
... When the alloy is aged at 200^^ 0 for about 10 hr. one of the satellites... 
disappears, the intermediate phase then being present in the alloy. It is 
difficult to say whether in this state the crystal is to be regarded as two 
phases or one, but in the earlier stages of the process it seems proper to 
regard the copper as still being ‘in solution’, still occupying sites on the 
aluminium lattice.” 

The results of the present microscopic analysis show that (a) the inter¬ 
mediate phase, cc CuAl^, must originate from the two-dimensional plates 
which are formed in the first stage of ageing since “plates” of irregular 
shape and size of this “ intermediate ” phase are seen scattered with random 
orientation in the plane of polish; (f>) the formation of y? CuAl^ is an atomic 
rearrangement within the a CuAlg lattice. The latter structure has a plane 
in common with the aluminium lattice but the polymorphic change y? CuAl^ 
results in a structure which is oriented with respect to the a CuAlg and 
therefore with respect to the aluminium lattice. 


(2) Alloy con^Uiininy 4 % copper, 0 - 5 % magneMum 

Specimens cut from a heat-treated forging were quenched after 4 days at 
520 ® C in water at room temperature and immediately aged at 350 ° C for 
^ and 1 hr. respectively. It was not possible to identify the precipitate in 
the former owing to its fineness, but that aged for 1 hr. showed grains in 
which plates were observed in all stages of the change from a CuAl^ to 
OuAlj, and in addition a new pale buff-coloured phase apj^eared also lying in 
plate form in the plane of polish with plates of a CuAla, i.e. parallel to (100) 
planes, cf. figures 7 - 10 , plates 4 , 6. Figure 7 shows plates of a CuAlg alone 
and associated with fi CuAlg, and between them a small elongated plate of 
the buff phase: the characteristic form of this constituent is seen in figure 8, 
where it appears in almost rhombohedral form. 

In both photomicrographs long needles of, most probably, a CuAlg are 
seen at right angles to each other, while scattered at random over the 
surface ore small needles, whose nature it is impossible to determine. 

Figure 9 , plate 5 , shows that the new buff-coloured phase may be asso¬ 
ciated with either a CuAlg or fi CuAlg. Both a CuAlg and the buff-coloured 
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phase axe SMn ia plate form in figure 10, plate 6, which, in oonjonotjon with 
the other photomicrographs, shows that the new phase as well as a CuAl, 
also separates on (100) planes. The nature of this phase can only be deter¬ 
mined with certainty by X-ray analysis, but it is most probably an “inter¬ 
mediate” phase associated with the formation of a ternary Al-Cu-Mg 
phase. That this is probable, may be deduced from Petrov’s (1938) data on 
aluminium alloys containing copper and magnesium. He observed a ter¬ 
nary constituent, distinct from /? CuAl,, in slowly cooled alloys of neigh¬ 
bouring compositions and, under such conditions, the present alloy would 
probably show a small amount of the ternary phase as well as CuAlg. 

(a) Alloy containing 4 % Cu, 0*51 % Mg, 0’3 % Si, O-Il % Fe 

The above composition is that of a commercial duralumin without the 
addition of manganese. A forged specimen was quenched from 620° 0 in 
water at room temperature and then aged immediately for 28 days at 
260° C. The structure observed was very much finer than that seen in the 
high-purity 4 % copper-aluminium alloy with or without 0*6 % Mg; this is 
probably owing to the fact that the grain size of the former is very much 
finer than those of the latter. 

Figure 11, plate 6, under a magnification of 2000 diameters, shows the 
structure of the alloy after etching with J % hydrofluoric acid. Precipitation 
of /? CuAlg had occurred in the grain boundaries, as well as a very fine preci¬ 
pitate within the grains. The larger pieces of a slightly dark grey phase are 
the iron-silicon insoluble phase, probably p FeSi. 

There were one or two crystals in the specimen which showed an entirely 
different precipitate which was coloured by swabbing with J % hydrofluoric 
acid daring polishing, unlike a, and CuAl,. Figure 12, plate 5, shows a grain 
containing plates of the new precipitate lying at random in the plane of 
X>olish, which are square in shape, a characteristic which distinguishes them 
from the irregular plates of a CuAlj. This new precipitate ia similar in form 
but difierent in colour from that seen in the alloy containing 0-6% of 
magnesium. 

Cohen (1938} has recently shown that there are three stages in the ageing 
of duraliunin and the presence of this new intermediate phase, distinct from 
a CuAlf, is evidence in support of the present author’s suggestion, given in 
the discussion of the above paper, that the first two stages of ageing may be 
associated with the segr^ation of two different kinds of atoms or planes 
about which precipitation will ultimately occur. The ratio of magnemum to 
silicon in the pinsent alloy ia equivalent to 0*8 % of the compound Mg^i, 
Accord^ to the researches of Sager and Sager (1932) alloys containing 
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1*3 % MgjSi and up to 6 % copper, in equilibrium, show the presence of an 
unknown phase, to which they assign the nomenclature Al-Mg-Cu-Si. The 
alloy under investigation contains 4 % Cu, 0*81 % MggSi and 0*1 % Fe and 
it is probable, therefore, that the phaae mentioned above is present in it 
when in equilibrium. (The presence of iron may have an effect, and it is 
possible that a more complex phase might be formed.) 

However, Dix et al> (1932) found that the AhMg-Cu-Si constituent was 
merely outlined when etched with \ % hydrofluoric acid. In the present 
alloy, as is seen in figure 12 , plate 5 , the unknown phase is coloured dark during 
the swabbing with hydrofluoric acid. It is probable, therefore, that this is 
an intermediate phase, prior to the formation of a more complex phase con¬ 
taining, possibly, Al, Mg, Si, Cu and Fe. This new phase is neither a CuAlg 
nor p Cu Alg, nor the buff-coloured intermediate phase observed in the alloy 
containing 4 % Cu, 0*6% Mg, since these phases have different physical 
forms as well as different colour characteristics when the specimens are 
swabbed with \ % hydrofluoric acid during polishing. It was impossible to 
determine whether the new phase was lying parallel to a (100) plane, since 
the precipitate in the plane of polish was very fine. 

This work has been carried out for the Metallurgy Research Board of the 
Department of Scientific and Industrial Research. The author would 
express her thanks to Dr C. H. Desch, F.R.S. for his interest in the work 
and her indebtedness to Mr R. Parkhouse for the preparation and photo¬ 
micrography of the alloys. 


Summary 

1. It has been shown microscopically that the intermediate phase a Cu AI2 
can be identified in the presence of CuAlg. 

2. Microscopic evidence also shows that the change a CuAlg to /? CuA^ 
is a polymorphic change, a CuAlg being always metastable in the alloy. 

3 . A second intermediate phase has been identified in an alloy containing 
4 % copper and 0 * 6 % magnesium, which also is formed as plates lying 
])arallel to (100) planes. 

4 . Another intermediate phase distinct from a CuAl^, fi CuAl^ and the 
buff-coloured phase above, is found in an alloy of the duralumin type after 
prolonged ageing at 260 ® C. 

6. There is strong evidence in favour of the fact that in more complex 
alloys, where more than one intermediate phase is formed, the stable preci¬ 
pitate may be reached in more than one stage, i.e. by the formation of two 
or more intermediate phases, the permanence of the existence of these 
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phases depending on the ageing temperature and the nature of the phases 
in equilibrium. 
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The particle aspect of meson theory 

By N, Kemmer 

Imperial College of Science and Technology, London , S.TV; 7 
{Communicated by 8 . Chapman, F.R. 8 . — Received, 22 June 1939) 

1, Introduction 

For many years a central problem of theoretical physics has been to set 
up a satisfactory relativistic theory of elementary particles. This problem 
is yet far from solution, the notorious occun*enoe of infinite self-energies 
and similar divergencies having hitherto frustrated all attempts at complete 
formulation. Nevertheless, definite advances towards the understanding 
of the general problem have recently been made, not so much by improve¬ 
ment of the theory as by a more detailed study of all its possible types 
and variants and the resulting clarification of the essential underlying 
principles. 

The picture of an elementary relativistic quantum-mechanical * * particle'' 
can now be roughly outlined as follows: The ‘‘exact theory** is one of 
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quantized waves, the particle charaoteristies appearing as consequences of 
the non-commutation of the wave amplitudes. There exist possible theories 
with any given integral or half-integral value s of the “ spin of the particle, 
the number of independent states of j3olarization of the corresponding waves 
then being 25+1 = iV (Fierz 1939; f'iorz and Pauli 1939). 

For integral s, i,e. odd Ny the particles must be taken to obey Bose 
statistics, for half-integral 5, i.e. even N, only the assumption of Fermi 
statistics loads to physically permissible results. 

In the case of particles with an electric charge (or even a magnetic moment, 
e.g, the neutron) the theory necessarily includes particles of either sign of 
the charge (moment), and only the charge rlensity, not the particle density, 
is strictly an observable. However, if transitions involving the annihilation 
of two opposite charges are excluded, as is rigorously correct in the non- 
relativistio limit, the density can be inter|)reted as a true particle density. 
Therefore the transition to the limiting theory of a classical particle is 
possible. 

On the other hand, for any uncharged particle the introduction of an 
antiparticle can be avoided by taking the wave functions to be real as in 
the well-known case of the photon (Majorana 1937; Kemmer 19386; Moller 
1938). However, one then finds that either the density (in the Bose case) 
or the energy density (in the Fermi case), if considered as c-numbers, vanish 
identically. Further, the non-relativistio Schrodinger equation is not satis¬ 
fied by such wave functions in the limiting case. Therefore a limiting 
classical particle theory does not exist. 

Conversely, one finds that, at least in the Bose case, a complete corre¬ 
spondence of the theory of uncharged particles with a classical loave theory 
exists, whereas the correspondence appears to fail for charged particles 
(Bhabha 1939). The latter fact can well be understood, for a classical etitity 
corresponding to the quantum mechanical charged fiekr' is hard to 
envisage. 

For the special case of the meson we thus have the following peculiar 
situation; although it seems likely that both charged and uncharged mesons 
exist, and the quantum treatment of the two is well nigh identical (Kemmer 
19386), the uncharged one (neutretto) is classically a true field, the charged 
one, on the other hand, a particle. 

There can be no doubt that to the experimental worker also the charged 
meson appears first and foremost os a particle observed in a cloud chamber 
or by means of some other of its efiects as a point charge. It is therefore 
very smrprising to find that theoretical work has laid stress on the wave 
aspect of the meson practically throughout, the similarity to Maxwell's 
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equations having been extensively used. It is clear from the above that this 
is neither justified by experimental considerations nor by arguments of 
correspondence. 

In the present paper an entirely different aspect of the meson equations 
will be put forward, in which the similarity to Dirac’s equation of the 
electron is emphasized. Although it would not seem to be so from previous 
work, the similarity is found to be very striking and the new procedure 
yields more than a mere restatement of old results. In the former presenta¬ 
tion of the theory a number of points concerning the particle aspect of the 
meson undoubUidly remained somewhat obscure. For instance, the correct 
transition to the non-relativistic wave mechanics of a particle of spin 1 
has never been completely given, and it can hardly be claimed that in the 
meson case the use of the term ^‘spin ” as distinct from polarization has been 
fully justified. In addition, the relation—so important in iion-relativistic 
wave mechanics and in Dirac’s theory—which interj)ret8 the value of any 
observable as the average of the corresponding operator over the given 
f)robability distribution of the particle, hitherto appeared to possess no 
counterpart in meson theory. The object of the following is to remedy these 
omissions. 

The meson equations will appear as equations of the Dirac type, but will 
involve matrices obeying a different scheme of commutation rules. These 
rules were first given by Duffm (1938).* A treatment of similar character 
has also been develof^ed by Belinfante (1939), who, however, presents the 
matter in an entirely different form, namely in a generalized spinor notation. 
Further, the “theory of the photon” proposed by de Broglie (1934, 1936) 
is in all essentials equivalent to the free particle case of the following. 
However, the treatment here ])ropo8ed may claim to be more general in so 
far as no use is made of any particular representation of the fundamental 
matrices. Duffin confines himself to stating the representations, which in 
fact prove to bo the only non-trivial irreducible ones, Belinfante considers 
only one of them, and the representation used by de Broglie is actually 
reducible. The complete avoidance of spinor notation in the following may 
also claim to be of some practical advantage and promises to simphfy the 
description of particles with higher spin values (Dirac 1936; Fierz 1939; 
Fierz and Pauli 1939; also Majorana 1932; Klein 1936; Wigner 1939). 

* The short note by Duffin contains mucli of the matter bore more fully developed. 
The writer was studying the same subject previously, but is glad to acknowlt^e 
that Duffin*8 statement of the commutation rules was now to him and has greatly 
influenced the detailed development of the work. Many tlianks for exchange of 
information are due both to Dr Duffin and to Dr Belinfante, 
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The interconnexion of the various formaliBms mentioned will be discussed 
in more detail in §§ 6 and 7 . 

For the sake of conciseness it will be assumed that the physical contents 
of meson theory (Yukawa, Sakata and Taketani 1938; Kemmer 1938a; 
Frohlich, Heitler and Kemmer 1938; Bhabha 1938) are known from the 
original “wave theoretical” presentation. Dirac's theory of the electron 
will also be assumed to be known, and it will be used as a pattern throughout 
in the form given to it by Pauli (1933) in the Handbuch der Physik. For 
details of proof it will be often sufficient to refer to Pauli's article. 


2. Thk waves equation of the free me>son 

It is proposed to develop the theory in a purely deductive manner, without 
establishing the connexion with previous presentations until § 6. The term 
meson will, by definition, be applied to a particle of mass m and charge ± e, 
which is described by the wave equation 

+ ( 1 ) 

together with the following commutation rules for the operators 

+ = ( 2 ) 

No further sj)ecification of the is made. 

In (1) the abbreviations 

me ^ d 

are used and the usual convention regarding the summation over double 
suffices is implied. 

An immediate consequence of (2) is that 


?« = 2^1-1 

(3) 

obeys the following algebraic relations: 


A * vJ* = Ml, = 1, 1 

Vifih'^flkVi ^ (^=1>2, 3).j 

(3') 

Hence, if is defined by 

(4) 

it satisfies the equation 9 ^ ~ ®* 0. 

(6) 
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Multiplying ( 1 ) by one deduces that 

( 6 ) 

and similarly from ( 5 ), 3 ^== 0^ (7) 

It is to be noted that the differential relations ((>) and ( 7 ) appear as conse^ 
quences of ( 1 ) and ( 5 ) and not as initial conditions to be imposed on the wave 
function. As will be shown in more detail later, this represents an essential 
difference between the formalism here proposed and the aforementioned 
formalisms of Dirac and of de Broglie. 

From (1) and (6) the second order wave equation 

= (^) 

can immediately be deduced, and ( 5 ) and ( 7 ) similarly lead to 

= (^) 

A further consequence of (1) and ( 5 ) is that 

- 0 , ( 10 ) 

if = (10') 

so thatjs^ may be interpreted as the four vector of current and density. 
It must yet be proved that the scheme here proposed can be made 
a relativistically invariant one by suitably defining the transformation 
undergone by the i/r functions when the space-time frame is subjected to 
a Lorentz transformation. This proof will be furnished in § 4 . Apart from 
that point, however, equations (8) and (10) alone suffice to show that this 
formalism is adequate to describe a quantum mechanical particle. As in 
the case of the electron, it is sufficient to insert the well-known zero order 
''WKB'' approximation to the wave function 

^ = aexp{i 8 /h) 

into (8) to show that, in the limit h = 0, (8) describes a classical relativistic 
particle (see Pauli 1933, p- 240 ). In addition, the existence of current and 
density enable the more general quantum mechanical statistical particle 
picture to be maintained. The density - sji is, of course, not necessarily 
positive, but the discussion by Pauli and Weisskopf (1934) has proved that 
this is in fact not a necessary requirement in the relativistic region. With 
exactly as much justification as in the electron case one can attempt to 
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connect the expectation value w of any observable with an operator by 
the following definition (cf. de Broglie 1936): 

U . ( 11 ) 

The form of the right-hand side of (11) allows the direct physical inter¬ 
pretation of w as the mean value of u> taken over the density distribution Sq. 
As, however, contrary to the electron case, there exists no transformation 
of the expression for into a form which does not contain /?4, the above 
definition contains some ambiguity as to the order of the factors (o and 
In general one might expect some symmetrical combination to be the 
suitable one, and the double bar in (11) has been inserted to denote this 
symraetrization. It will be found, however, that for all operators of practical 
significaTUJe there can be no doubt whatever as to the correct order. 

The operator of the density itself is, of course, unity; the three space 
components of 8 ^ on the other hand can be represented by the operators 

for = I + = filfik + fiufil = A*. (13) 

and therefore «= ja^dV. (14) 

The most important apj)lication of (11) is to the case of the energy- 
momentum vector. If the analogy to the electron case is to be maintained, 

h d 

the operators (o should here he the differential operators-^ * : 

i ox^ 

( 15 ) 

Such a definition of energy and momentum was not known in former 
meson theory, and the expression usually given seems to be very different 
from (15). That in fact the two definitions are equivalent, will nevertheless 
be proved immediately. First, however, it should be noted that (15) is 
equivalent to the posttilate that the tensor of energy and momentum 
density is 

r,. - ( 16 ) 

the second term being added in order to make real. Its integral is equal 
to that of the first term. It follows immediately from (1) and (2) that 



( 17 ) 
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so that the are oanstants as required for a free particle. The tensor (16) 
is, however, not symmetrical; it can be replaced by a symmetrical one by 
a method similar to the one given by Tetrode for the Dirac electron. From 
(1) and (2) it follows that 


and a similar transformation can be performed with the second term in (16), 
Hence, putting 



V 

(19) 

we obtain 


(20) 

and 

dx, * 

(21) 


Now 0^ is symmetrical,! and moreover, by (4) 

044 = - 

so that the energy density is essentially positive. 0 has in fact exactly the 
same properties as the energy-momentum tensor usually considered in 
meson theory. In § 6 it will be proved that for a suitable representation of 
the it is actually identical with that tensor. On the other hand, it follows 
from (20) that the expectation values of energy and momentum, as defined 
by (15) can equally well be given in terms of 0, namely, by 

( 22 ) 

It is thus clear that it is not necessary to abandon the connexion between 
h 

the operators 0 and the momenta, as seemed to be the case in previous 
presentations of meson theory. 

It is a general theorem that the existence of a symmetrical energy- 


t It should be noted that 




(IV 




For the free meson the latter tensor can also be shown to satisfy a continuity equation 




= 0, but there is no way of generalizing this result to the cose of electromagnetic 

interaction as will be done for Further, - 0^4 is not necessarily positive. This 
alternative procedure of symmetrization may therefore be ignored. 


Vol. 173. A. 


7 
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momentum tensor automatically ensures the possibility of defining angular 
momentum. We have but to put 

Pik - -Ph = (23) 

and the ai'e necessarily constant, ^ow by (20) 

^4- f, (24) 

and hence P,, = fdV 

+ -r ^dV. (26) 

t- J % 

The first term of (25) is evidently to be interpreted as the orbital momen¬ 
tum, the second term as the spin of the meson, and by definition (11) the 
spin operator then is 

(26) 

V 

The similarity to the electron case is striking; there the spin could bo 

written as j. (7/7* —y^y^). It is to be noted that commutes with 

so that no ambiguity of the kind discussed on p. 96 arises. It is further very 
noteworthy that 

S^k - S,,, (27) 

whence it follows that the eigenvalues of the spin in this theory can only 
be ± 1 and 0, as is to be expected if the formalism is indeed to be connected 
with the meson. It seems satisfactory that there is such a possibility of 
defining the spin as a momentum ^ independently of any consideration about 
the number of states of polarization. 


3. The interaction with the EnEOTROMAGNETIO FIELD 


In non-relativistic wave mechanics and for the Dirac electron the inter¬ 
action with the electromagnetic field is introduced very simply, by the 
well-known substitutions 




when the dliferentiation applies to and 


( 28 ) 
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when it applies to It is not quite trivial that this mode of procedure 
can also be used here, in fact, in theories of similar type (Dirac 1936; Fierz 
and Pauli 1939) care must be taken in applying this rule, and it is in¬ 
consistent, if applied to all fundamental equations. However, here it is 
entirely correct to apply these substitutions to equations (1) and (6) which 
therefore now read as 

+ = 0 (29) 

and ^ 9. (30) 


The considerations on relativistic invariance given in § 4 hold not only 
for (1) and (5) but also for these generalized equations, and as there are no 
‘‘initial conditions” in the present formulation, there can be no incon¬ 
sistency in this generalization. 

The introduction of electromagnetic interacition thus results in very few 
changes to the developments of the previous section. As in the electron 
case the definition of (10), remains completely unaltered, and here the 
same is also true of the symmetrical energy-momentum tensor 0^^, as 
defined by (J 9). Tins can readily be seen to be so, hi spite of the fact that the 
ansyrnmetrical tensor now is 


Instead of (17) and (21) one can now derive the equations 


r)T do 

dx. 




(31) 


(32) 


where the are the electric and tnagnetic field strengths. 

Similarly, equation (25) for the angular momentum is only altered in so 
far as the operator d^ in the orbital part is roj)laced by 0". The spin operator 
is entirely unaltered. 

An important difference, however, occurs in equations (tt) and (7). Using 
the commutation rules 

= (33) 

one now finds 

%P 

and + (34') 

7-2 
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and the second order wave equations are then readily seen to be 

1 P 

+ ( 35 ) 

and 0;s; r = 

+ (3«) 

The first term on the right-hand side of ( 35 ) or ( 30 ) has its counterpart in 
the theory of the electron. It describes the interaction of the external field 
with the electric and magnetic moments of the particle. The second term, 
however, is peculiar to meson theory and cannot be so directly interpreted. 
To understand it better it is useful to define the magnetic moment in 
another way, namely, as 

In the case of the electron the expression corresponding to this can be 
sf)lit into two parts, the first giving an orbital moment, the second the 
moment due to the spin; the current can be split correspondingly. Here we 
can proceed analogously. By ( 29 ) and ( 30 ) we have 

and therefore by ( 34 ) and ( 34 ') 

( 39 ) 

Consequently 

+ ( 40 ) 

The first two terms are, of course, the orbital and the spin momenta of 
the meson respectively, and here, as for the electron, they are proportional 
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to the corresponding terms of the mechanics*! moment, as given by ( 26 ), 
except for the operator A difference compared with the electron is, 
however, the absence of tlie anomalous gyromagnetic factor 2 in the spin 
term. Further, the additional third term is of a new type; it vanishes if 
there is no external field and might best be described as a polarizability of 
the meson. It is clear that it is connected with the appearance of the last 
terms in ( 35 ) and ( 36 ) already noted. 

A circumstance peculiar to this theory is also the fact that the absence 
of in both orbital and spin magnetic moments makes the definition of 
operators in the sense of (11) impossible for these physical quantities.* It 
would appear that the latter do not possess a very direct meaning in the 
particle picture of the meson, but except in the non-relativistic limit are 
rather only measurable in a way not directly dependent on the probability 
distribution of the particle. 

The division of the current into two })arts, as given by ( 39 ), is the counter¬ 
part of the procedure given by (Jordon for the electron. In both cases the 
second term or “polarization current” satisfies a continuity equation on 
its own. The first term has the same form as the current in non-relativistic 
theory, a fact of importance in the comparison with this limiting case. 

These formulae may suffice to indicate the extent to which the matrix 
treatment of meson theory is successful. There can hardly be any doubt 
that it may serve to simplify practical calculations in cases where the meson 
appears primarily as a particle. It has not been hero attempted to include 
the interaction of the meson with protons and neutrons, and it can readily 
be seen that in the scheme here used this would not be simple. It is, however, 
clear that in that interaction the meson enters primarily as afield (although 
a non-classical charged one), and it is then only natural to retain the old 
formulation. 


4. Proof of relativistic invariance 

The proof of the relativistic invariance of the formalism is so exactly 
analogous to the electron case that it will almost suffice to refer to the proof 
given for that case, for instance, by Pauli (1933). The behaviour of the 
under Lorentz transformations is known, and the requirement is to find 
a suitable linear transformation of the ^ among themselves by which (1) 
or ( 29 ) is brought back to its original form in the new co-ordinate system. 

* [Note added in proof: It is however always possible to define such operators if 
explicit dependence upon the momentum operators is ponnitted. Tliis is achieved by 
using the relation stated below as (69). and the procedure has proved essential in the 
applications of the tremsformations which have since bean studied.] 
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It is sufficient to find such a transformation for the cose of the general 
infinitesimal four-dimensional rotation. The latter can be given in the form 

(^i) 

where and the required transformation of the may be ex* 

pressed as 

yjr' == Sf, {\lf^y ^ xlr^S~\ ( 42 ) 

where 8 = and 

The wave equation c^an readily be seen to be invariant if the are con¬ 
nected with the by the relations 

(^ 3 ) 

so that it remains to find a suitable set of Equation ( 42 ), for /i and 
however, also affords an independent definition of the spin operator, so 
that the results of i)revious sections directly indicate that 

( 44 ) 

should be an adequate choice. This is indeed the case as can be proved 
directly by interchanging v and p in equation (2) and subtracting from the 
original equation: 

A- ( 46 ) 

This is precisely the relation required by ( 43 ). The invariance of the 
scheme is thus proved. By applying infinitesimal transformations similarly 
it would also be easy to show that the defined by (10) are indeed a vector, 
a tensor and so on. The procedure is completely independent of the 
particular representation used for the Once the theory is proved to be 
equivalent to the tensor form of meson theory used previously, the in¬ 
variance is of course also evident directly. 

5. Alobbeaic peopbrties* op the /?^ 

The previous development was entirely independent of the particular 
form of the matrices, the commutation rules (2) having been sufScient 
to define all the physical quantities that were of interest. In the case of 
the Dirac electron a similar development can of course be put forward, 
but it can then be shown that the four row matrices found by Dirac give the 
only irreducible representation of that particular algebra. The rigorous 
proof of this fact is a matter of abstract algebra and in the present case the 
corresponding procedure is, unfortunately, even more complicated than for 

* The writer is greatly indebted to Professor W. Pauli for the suggestion of the 
detailed study of the algebra of the and for the introduction to the mathematioal 
apparatus us^. 
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the electron, ovping to the fact that the matrices occurring here possess 
no reciprocals. The completely rigorous method has, however, actually 
been carried through, and it is merely for the sake of brevity that the proof 
is abrjidged. To find the possible independent irreducible representations 
of the algebra given by (2) one must first find the number of linearly inde¬ 
pendent quantities among the and their multiple products. In the 
electron case there are 16 such quantities. Here their number is con¬ 
siderably greater, but they may still be counted fairly easily if the auxiliary 
quantities 

= ( 46 ) 

are introduced, of which the fourth has already been used in § 2. There 
exist the following relations involving the and the 

= I 

Vi.V.-VvV/, = + (/^/>'),| ( 47 ) 

(no summation!), j 

It follows from these that the following is a complete list of the linearly 
independent elements of the algebra: 



No. of 


No. of 


elements of 


elements of 

Element 

this type 

Element 

this type 

I 

1 

V^PyPpPe 

12 



4 

VpVy 

0 



^ 12 

VpVyPp 

12 



12 

VpVyPp Pc 

12 



6 

VpVyVp 

4 


V, 

4 

VpVyVpPc 

4 


V^Py 

12 

VpVyVpVc 

1 


V^PyPp 

24 

Total 

no. 126 



There are thus 120 independent elements among the multiple products 
of the It is next necessary to find the particular elements which commute 
with all the others. If one proceeds to construct these by successively 
postulating comrautability with each of the quantities in the above list, 
one readily finds that the following expressions have the desired property: 

I (the unit matrix), if - S VfiVv 


and 


( 49 ) 
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Any further expressions which might be shown to commute with all the 
126 elements can be proved to be linear combinations of the above three. 
The following are instances of this fact: 

Jlf2= l0^6jyr-f 

(60) 

Provided an algebra satisfies a certain regularity condition,”* which has 
been verified in the present case, the knowledge of the number of indepen¬ 
dent elements and of the number of elemejits commuting with all others is 
sufficient to determine the irreducible representations of the algebra. The 
latter number directly gives the number of inequivalent irreducible repre¬ 
sentations, whereas the total number of elements is known to be equal to 
the sum of the squares of the degrees of these representations. Thus here we 
must expect to find three inequivalent irreducible representations, say of 
degrees and respectively, and 

= 126. (61) 

These three representations will be given in the next section. Their degrees 
are actually 10, 5, and 1 (I0^*f 52+ P 126). We can be sure that there 
are no further inequivalent ones. Thus, in spite of the fact that the 
possess no reciprocals and are therefore initially more difficult to deal with 
than the Dirac it is comparatively simple to obtain a complete picture 
of their algebraic proj>ertie8. Without going into any more details we may 
conclude this section by giving one more algebraic relation which should 
be of importance in further developments. This concerns the spurs of the 
126 quantities listed in (48), It can be readily proved that, in any repre¬ 
sentation of the 126 matrices only 16 have non-vanishing spurs, namely 
the four with all their multiple products. This set of quantities incidentally 

♦ This condition is that the algebra should be “halbeinfach** as for instance 
defined by v. d. Waerden ( 1931 ). Professor Pauli kindly furnished a proof—taken 
from lectures by Artinin 1927 - 8 —that v. d. Waerden’s definition of this condition 
con be replaced by the following postulate: 

Let be the matrices representing the independent elements of the algebra in 
the “regular representation”, and let 

= Spurle^e*). 

The algebra is “halbeinfach” if 

Det||9r,j,||#0. 

This determinant (which in the present case has 126* elements), proves comparatively 
easy to evaluate and does not vanish. 
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forms an abelian subgroup of the algebra. For the three irreducible repre¬ 
sentations one finds the following spurs: 


Representation 

10-row 

5 -row 

spur 1 

10 

5 

SPUT)/^ 

2 

-1 

spur 

--2 

1 

spur v^VvVp 

-2 

3 

spur v^V,VpV<r 

2 

-3 


and all other spurs vanish. 


1‘row 

I’i 

1 

-1 

11 


( 52 ) 


6. RkFRESEKTATIONS of the AND THE CONNEXION 
WITH ALTERNATIVE FORMULATIONS 

As stated above, there exist three inequivalent irreducible representations 
of the wiiich can readily be given explicitly. They are 


rl 




t • I • 

t-ii* 


/ 




•••}•• lii 
I • • • i • -1 • j* 


'.l! 


•j‘ 


A 


« I*! • • i ♦ 


\T::r-vt 




•i-\ 

• H ' 

.• 1 . 1 , 

1 • 




/: 


A 


:l:\ 


• • ! • “1 • ! • 


|. . .jl 


'i' 


• • 1 • .1. 

. . .U . . j. . . . 






! m • • j • • • I 
• ••{••• 

-i • • i 
• -» •; 

• • i 

: 


• • *1 
• • • 1 

1 • • • 1 

: 

■•r**”*****v.. 

^ • • ; • • • 

• j • ; • • • 

\ • i :• • • 

; • • • i 

1 * * * i 
*1 




• !• • ‘P l»A* 



/• :• • • 

B.\ 

« 1 • • • 

• 1 • • • 

• 

\ii!* • •; 

i*/ 


and 


(The dots in the above denote zeros.) 


>(63) 
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It can be seen that the matrices given aje really irreducible, for one can 
readily find that any matrix of the same degree can be expressed as a linear 
combination of the four matrices and their multiple products. Of the 
three representations the third is a trivial one of little physical interest, 
but the other two both give possible meson theories. Neither of them, 
however, gives anything completely new; the ten-row representation simply 
leads to the usual theory ba^ed on Proca’s (1936) equations, in which the 
wave function consists of four components forming a four-vector and six 
forming an antisymmetrical tensor; the five-row one to the Klein Gordon 
or so called “scalartheory, in which the wave function consists of a scalar 
and its four-gradient. (Prom the point of view of spatial rotation only, 
the former wave function consists of three vectors and a scalar, the latter 
of one vector and two scalars. In (53) this has been marked by the dotted 
lines subdividing the matrices.) The reflexion character of the wave 
functions can still be determined arbitrarily, and therefore the above 
schemes may be equally well taken to describe the dual theories, i.e. the 
“pseudovector” and the “pseudoscalar” theory respectively (Kemmer 
1938a). As no further possibilities are included in the formalism the fact 
is confirmed that the cases already known are the only possible theories 
for spin values 0 and 1. 

It may appear surprising in this connexion that in the five-row or ‘ ‘ scalar ’ * 
theory there still exists a spin operator A/*)- This, however, 

merely comes from the fact that the four-gradient is included as part of 
the wave function and, according to (44), the spin defines the infinitesimal 
rotations of all components of the wave function. In spite of this the 
quantity which, according to (25), gives the expectation value of the 
mechanical moment is zero for this representation, so that it is still justifiable 
to say that the “scalar” meson has no spin. On the other hand, the seoQiid 
term in (40) does not vanish so that in the relativistic region a magnetic 
moment would exist even in scalar theory. 

The results just given are already essentially contained in Duffin's {1938) 
note, the starting point of which is that Proca’s and the scalar theory 
can be stated with the help of the matrices (53). The formulation due to 
Belinfante {1939) is also closely connected with the above; this can be seen 
as follows: 

If one takes two sets of Dirac matrices that act on two separate suffices 
of a wave function, which would thus have to possess 16 components, and 
if one puts 

^ {®^) 
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these matrices satisfy Duffin’s commutation rules (2). Thus a theory based 
on the equation 

+ ( 66 ) 

is equivalent to the theory here presented, but uses a reducible set of 
y^f-matrices. A closer study of the reflexion chara(jter, as fixed by (64) and 
by the assumption that W transforms like the product of two Dirac wave 
functions, shows that (66) gives the sum of the Proea theory and the 
p^ewdJoscalar theory and in addition the trivial equation = 0 for a 
sixteenth, scalar component of V'. In other words, each of the three in¬ 
equivalent representations of the is contained just once in the particular 
representation Belinfante now specializes the representation by postu¬ 

lating that V should behave like the symmeirical product of two Ditac 
functions. This procedure is equivalent to reduction of the and restric¬ 
tion of one’s considerations to the ten-row representation only. Belinfante 
thus studies a formulation of the Proea theory alone. In other respects 
hie treatment is, however, more general than the present one in so far as he 
includes nuclear interaction which is here omitted altogether. 

It is of considerable importance to note that the formulations hitherto 
described have the characteristic in common that they are analogous to 
the Dirac equation in the form 

=== 0. W 

and not to its alternative formulation 

^d^xlr^d^akf-^iKy^ir = 0. (67) 

c 

In the electron case (57) is for many purposes more useful than (66), and 
it is therefore of interest to see whether an equation analogous to it might 
also be used as the starting point in meson theory. For instance, one might 
attempt to put 

+ (a4 = r«). (58) 

andtotake ~di\jr + d,^A^'^-¥iKA^\jr d, (69) 

c 

as the fundamental wave equation. This formalism has never actually been 

^ Thae© facts arc of interest in connexion with the suggestion put forward by 
MoUer and Rosenfeld ( 1939 ) that a pseudoscalar meson should be included in the 
theory in order to obtain a more satisfactory description of nuclear interaction 
wid y^-deoay. 
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used to describe the meson, but has been studied in various other connexions. 
In particular, the theory proposed by de Broglie (1934, 1936) for the photon 
and studied in detail in many papers by his pupils (e.g. G6h6niau 1938; 
Tonnelat 1939), is in fact based on (5R) and (59). (An entirely different 
approach to the same formalism is afforded by the study of the interaction 
of two particles each obeying a Dirac equation; e.g. Kemmer 1937.) 

For the description of a relativistic particle—meson or de Broglie 
photon-’ the theory of this paper ap]:)ear8 to have some distinct advantages 
as compared with de Broglie’s formulation. If (59) is postulated instead 
of (1) it becomes essential to introduce further initial conditions which 
the wave functions must satisfy, so that the second order wave 
equation (8) shall hold. There ap|)ear to be numerous different w^ays of 
stating these conditions; de Broglie’s method involves the use of matrices 
not expressible by means of the /?' alone (namely, the matrices — y^ /), 
and two alternative methods will be stated in § 7. They are not algebraically 
equivalent to de Broglie’s, but in his particular representation they give 
essentially the same equations. To avoid initial conditions altogether, the 
only method seems to be to postulate (1), as done here. 

Relativistic wave equations of a most general kind have also been given 
by Dirac (1936). He presents the theory in two separate ways, in spinor 
notation and in a “Hamiltonian” form. A particular case of his theory 
are Proca’s equations, but as can immediately be seen in his sjunor formula¬ 
tion, Dirac’s equations are again not algebraic^ally equivalent to the above. 
This is ])artly due to the identification of a “self-dual” tensor with one 
symmetrical spinor, a connexion which is in any case inappropriate if 
complex tensors are to bo considered, but even if his theory is reformulated 
with the introduction of a second symmetrical spinor (the two spinor^ 
representing the complex antisymmetrical tensor), it diffeis from ours in 
the handling of the additional conditions. In Dirac’s form wave equation 
and initial conditions are so interwoven that the introduction of electro¬ 
magnetic interaction by means of (28) is not a consistent procedure. On the 
other hand, Dirac’s “Hamiltonian” formulation shows clearly that the 
differences of his theory compared with the present one are merely due to 
details of representation; in the following section a development of our 
theory will be given, which exactly parallels the Hamiltonian form. This, 
in fact, is shown to be essentially equivalent with the de Broglie form of the 
theory, We have preferred to leave this aspect to the end as it appears 
preferable to use (1) alone in the initial statement of the theory, but the 
alternative form is admittedly of some interest quite apart from its con¬ 
nexions with other authors’ work. It is decidedly helpful in the study of 
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the non-relativistic limit and may also prove to be of use in practical 
calculations. 


7. I'he Hamiltonian fokmitlation 
Let equation (1) be multiplied by 


= 0, 

(60) 

and (6) be stated in the form 



(61) 

Then, adding the two equations, we obtain 


- a, l/f + dk ^ + iKfi^ iir = 0. 

C % 

(62) 


As this equation contains multiplied into the unit matrix, it is the 
counterpart of the Dirac ecjuation in the form (57), the hermitian matrices 

! corresponding to the a^.-matrioes. We may f)roperly call 

H ~ + wicVi. (63) 

% % 


the Hamiltonian—writing equation (62) as 

for by (11) and (15) the expectation value of the energy is 

E = \ _ ^1) fdV = \^ rii , HirdV , (66) 

so that H is a possible form of the energy operator. The inclusion of the 
factor on the right-hand side of (65) is, of course, essential, the quantities 

\^\jr^H\lrdV or 

having no connexion with the energy. It is important to note this in 
view of some criticism of Dirac’s Hamiltonian cont^eption which has 
recently been put forward, and is actually based on such an incorrect 
definition of the energy expectation value. 
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It follows from the above that if any physical quantity is represented by 


^ ( 66 ) 

its time derivative can be stated as 

(67) 

where Jt = I (HQ - QH). (68) 

The only fact about these relations, which makes them less simple than in 
electron theory is that Q and U are not the operators corresponding to Q 
and & by definition (11), so that great care regarding factors must be 
taken when using (68). 

Equation (62), however, does not contain the whole of the original wave 
equation (1) as the multiplication by (equation (60)) obliterates the part 
of (1) which belongs to the eigenvalue 0 of This omitted part can readily 
be singled out by multiplying (1) by 1 — /?|. In this way one obtains 

( 69 ) 

an equation tliat does not contain the time, and can thus be regarded as an 
initial condition whicli the wave function must satisfy. By studying the 
particular representation used by de Broglie one finds that (69) contains 
exactly the same differential relations as postulated by de Broglie, although 
the algebraic form of his initial condition, 

(70) 

has no connexion with (69). The form (69) certainly ap})ear8 to be the most 
concise for stating these conditions. It can also be easily seen that (62) 
and (60) together are a complete substitute for (1), for the latter equation 
can be obtained from the other two by working backwards. 

There is another alternative way of putting down the initial conditions, 
which consists in proceeding as in equations (60) to (62) for the thi«e space 
co-ordinates as well as for the time. One then obtains the four equations 

+ (71) 

of which the fourth is the Hamiltonian wave equation and the other three 
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are the initial conditions. This is the formulation of Dirac’s paper. In spite 
of its symmetry it has considerable disadvantages because the wave 
equation (1) and the second order wave equation (8) are not deducible 
algebraically from (71) alone. The unsymmetrical statement of the initial 
condition as given by (69) is therefore to be preferred. 

In the present section electromagnetic interaction was hitherto omitted. 
If we add it, it follows from (34) that the Hamiltonian equation will be 

H = + (72) 

and the other equations of (71) will have a similar form. The condition (69), 
on the other hand, will simply become 

( 73 ) 

The final field-dependent term in H was not included in Dirac’s statement 
of the Hamiltonian, but it must clearly be added to preserve the invariance 
of the scheme. 

An interesting property of the Hamiltonian given in equation (63) is 
that fora plane wave solution with momentum^ and energy E — c(p* -f 
there exists the relation 

- Emf. (74) 

Therefore the eigenvalues of H can only be 0 and ± E. Now let us consider 
a plane wave solution of the equation (J), Its energy value can, according 
to (66), be given as 

E (76) 

Owing to the continuity equation (10) 

n = (76) 

is a constant and can be so normalized that n ^ ±\, In the non-relativistic 
limit (§ 8) a wave function for which n = + 1 will be a solution of the true 
one-body wave equation of a particle with positive charge, and if w = — 1, 
the wave function belongs to a negatively charged state. Therefore we have 

= 0 , 


77) 
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for “positive charge” states, and 

+ E) fdV = 0, (78) 

for ‘‘negative charge’" states. From this we see that the operators 

+ and D-^-^-^(H-E) 

will have the same property of “annihilation operators” as in the electron 
theory, and a technique of calculation which merely uses spur conditions 
and annihilation operators appears to be possible here just as in the electron 
case. The necessary spur relations have already been given at the end of § 5. 

8. The non«relativistic limit 

A theory of the type here considered must go over into a classical rela¬ 
tivistic particle theory, if h is put equal to 0, and must also contain non- 
relativistic quantum mechanics as the limiting case c oo» The former 
limiting process has already been briefly mentioned on p. 96, and does not 
differ in the least from the corresponding limit in the electron case. It is 
therefore sufficient to refer to Pauli’s article, p. 240, and no further dis¬ 
cussion of this case is necessary. The non-relativistic limit o oo, on the 
other hand, has some unexpected features when dealt with by means of 
our formalism, and will now be discussed. In the wave formulation this 
problem has been considered by Proca (1938). 

It is not possible to give the theory in teims of abstract but one can 
nevertheless state it in a general form that covers both the essential 
inequivalent representations of these matrices. The point of departure is 
the choice of a rejiresontation of the in which is diagonal. As P\ = y? 4 , 
the eigenvalues of ^4 are -h 1, 0 and — 1 only. For either of the two irreducible 
representations let the components of ^ be divided into three groups 

= ^ui)^ (79) 

so that (80) 

It can be seen without much difficulty that the three other can then 
be chosen in such a way that 



(81) 



113 


The particle aspect of meson theory 


The Sic are rectangular matrices and the Sk their hermitian 

conjugates, transposed and complex conjugate matrices respectively. From 
(29) and (33) one then immediately obtains the equations 


(9r+/c) = 0, 

or+/c)fn+2a,-4f«n = 

and (-a- + ^)^n+ 2 a,-f,V>'' = 

ffll' 


(82) 


This method is obviously a direct generalization of the procedure in the 
electron case, in which the Pauli spin matrices take the place of the 
Now, from (64) and (77) we see that for the wave functions corresponding 
to positive charge 



1 

II 

(83) 

so that in the first approximation (E'^mc^): 




(84) 

and 


(85) 


Therefore then becomes the large’' set of components, being 
smaller by the factor ?;/c, even by v®/c*. To the first approximation the 
wave equation for 

ifj = ( 86 ) 

then becomes 0 ,?) - - 0 * drSk^<^ = <>. (87) 

Ct K 


and further approximations can, of course, be found as for the electron 
(Pauli 1933 ). The actual form of the matrices as well as the number of 
components combined in the non-relativistic wave function naturally de¬ 
pends upon which of the two representations is used, and in practice it 
will be more convenient not to use the abstract equation (87) but to state 
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the non-relativistic theory separately for the two representations. The 
above formulae then lead to the following: 

(a) Proca's equations: has the eigenvalue -f 1 three times, so that 0 
has three components which form a space vector. In the tensor notation 
of the usual meson theory (Kemmer 1938 a) we find these three components 

to be the quantities 

V*- 

The wave equation (87) then has the form 

( 88 ) 


This is therefore the correct non-relativistic wave equation for a particle 
of spin 1 , 

( 6 ) Klein’Oordon equation: There is but one eigenvalue 4 - I of and (j> 
has but one component. As is only natural to exj>ect, the wave equation is 

= (89) 


i.e. simply the ordinary Schrodinger equation, but a detailed comparison 
with the above reveals that this ^ is not the non-relativistic limit of the ijr 


of the Klein-Gordon equation but of * 

Thus oven in this seemingly well-known case the above treatment appears 
to bring some clarification of the physical interpretation. 


9. OONCIitJDINO BKMAKKS 

The above must suffice to indicate what is meant by the “particle asjject “ 
of meson theory. It has only been possible to go through the formalism 
very briefly and further interesting points may come to light when attempts 
are made to apply tlie above to practical calculations. However, it is felt 
that the main gaps hitherto left in the interpretation of meson theory have 
been fiUed at least in principle. As already stated earlier, no attempt has 
been made to tackle the problem of formulating nuclear interaction on this 
basis, because it seems clear that in the description of those effects the wave 
aspect must be the more fruitful. For a similar reason we have refrained 
from presenting the second quantization of the meson equations in this 
new form. In the quantized (^/-number) theory the two aspects, particle 
and wave, are essentially inseparable and it is clear that the complete 
picture is already contained in the Pauli-Weisskopf ( 1934 ) theory and its 
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generalization for spin 1 . It would, of course, be possible to obtain the same 
operator equations by starting from the particle formaUsm given in this 
paper, but the final equations will be identical whichever way one proceeds, 
Let it therefore be sufficient to indicate the commutation rules as they 
would appear in the particle formulation. Particular care must be taken 
that those components of xjr are dealt with correctly, for which ^ 0, 
for in the case of these equation ( 1 ) does not determine the time derivative. 
In the quantized theory these components will therefore not occur as 
separate variables but must be considered as equal by definition to certain 
spatial derivatives of the other components. The defining equation is (69). 
The commutation rule must then contain only the other components. It 
can be readily seen that its correct form is 

(M')A = [(rih),> ( 90 ) 

V 

The rest of the quantization is straightforward, and can in fact best be 
performed by translating the former wave theoretical formalism into the 
fi language step by step. 

A final question which immediately presents itself is whether similar 
formalisms can also be found for higher values of the spin, for which the 
theories have recently been formulated in spinor notation by Fierz and Pauli 
( 1939 ). As kindly communicated to the author by Professor Pauli, a good 
deal of the foregoing formalism can be generalized for these cases, but it 
is yet an undecided question whether a completely satisfactory theory can 
be built up on these lines. Perhaps the opinion is justified that if such 
a formulation were to fail, the possibility of the existence of such higher 
particles would be, to say the least, doubtful. They would certainly not be 
particles in the full sense, i.e. as defined by the axioms of Dirac’s electron 
theory, axioms which the meson has here been shown to obey. 

In conclusion the writer wishes to exj)ress his sincerest thanks to Professor 
Pauli for the interest taken in the work and the help given in its algebraical 
part. 


SUMMAEY 


It is shown that a re-formulation of the meson equations is helpful in 
the interpretation of the meson as a localized particle, Instead of using 
the usual tensor form, the wave equations are stated as 


me 




8-2 
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where the are operators completely defined by a set of commutation rales 
first given by Duffin ( 1938 ). The theory can be developed in strikingly 
close correspondence to Dirac’s electron theory, practically all the definitions 
of which find their exact counterpart, e.g. spin, magnetic moment, etc. 
The algebraic properties of the are studied in detail, a comparison with 
other similar formulations is given and the limiting non-relativistic theory 
is developed. The formalism proves simple to handle and is expected to be 
useful in all calculations primarily concerned with the particle aspect of 
the meson. 
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The freezing-point of rhodium 

By C. R. Baebkr, B.Sc. and F. H. Schofield, B.A., D.Sc. 

Physics Department, National Physical Laboratory, Teddington, Middlesex 

{Communicated by 0. W. C, Kaye, F,R.8.—Received 10 July 1939) 

I. Introditotiok 

The International Temperature Scale, which has been in force since 1927 
(Bureau International des Poids et Mesures 1927 , 1934 ), is based on certain 
values assigned to the boiling- and freezing-))oints of pure substances and 
on specified means of interpola tion between, or extrapolation beyond, these 
f>oints. The highest basic point of the scale is the freezing-point of gold, 
defined as 1063*0'' C, while for extrapolation from this temperature use is 
made of the Wien law of radiation with a certain value of the constant 
Though any temy)erature above loos'" C is thus completely defined without 
reference to further fixed points, determinations of such points are of con¬ 
siderable value. In particular, they serve to indicate the degree of repro- 
ducibihty of the scale and, when well authenticated, to provide secondary 
standards for its realization in cases where this is more cjonvenient than a 
primary calibration. 

A good example of the use of secondary fixed points is the establishment 
by the National Bureau of Standards, U.S.A., of a scale of colour tempera¬ 
ture (Wensel, Judd and Roeser 1934 ), based on the freezing-points of 
platinum (1773° C), rhodium (1966'" C) and iridium (2454° C). The figures 
given in brackets are the values which were found for the three freezing- 
points by the National Bureau of Standards; but, while the value for the 
platinum point has been closely confirmed* by the Physikalisch-technische 
Reichsanstalt and by the National Physical Laboratory, no other precise 
determinations of the two remaining points are available. 

The determinations at the three institutions named were all made by the 
method, originated by the National Bureau of Standards, in which a sub¬ 
stantial ingot of the metal, contained within a crucible of thoria, is heated 
by electric induction, and a thoria tube immersed in the metal gives a 
black-body for optical pyrometer observations. 

* The values foimd at the National Bureau of Standards, the Physikaiisoh- 
technisohe Reichsanstalt and the Laboratory were respectively 1773*5° C, 1773-8° C 
and 1773*3° C. 
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This method, which represents a great advance on former practice, has 
been used in the experiments now to be described. 

2. Method and apparatus 

The procedure for determining the freezing-point of rhodium was similar 
to that employed at the Laboratory for the freezing-points of platinum and 
palladium (Schofield 1934 , 1936 ). An optical pyrometer is first calibrated 
on a black-body at the freezing-point of gold, and an absorption device is 
then aiipliod to a black-body at the freezing-point to be determined, so as 
to reduce its brightness to match that at the gold point. A knowledge of 
the percentage absorption of the device, and the wave-length involved, 
gives the required temperature on the basis of Wien’s law. For the region 
of wave-length commonly in use, namely about 0 * 66 //, the ratios of bright¬ 
ness at the rhodium, platinum and palladium points to that at the gold 
point, are respectively of the order of 700, 300, and 80 to 1 . The most con¬ 
venient instrument for making the reduction in brightness is the rotating 
sector. It is, however, impracticable to cut and measure with the necessary 
precision, namely 1 part in 1000 , angular apertures giving such high ratios 
as those required for the rhodium and platinum points. Consequently the 
reduction in these cases must be made in two stages, according to the pro¬ 
cedure described in detail on p. 794 of a paper already mentioned (Schofield 
I934)' 

In the case of palladium a satisfactory sector of transmission of 1/80, 
giving a direct step-down to the gold point can be made and was, in fact, 
used: but, as part of the scheme of determining all the melting-points which 
has been mentioned, a two-stage determination was also made of the 
palladium point, using the same sector for each stage. Three sectors in all 
were prepared, viz.: 

sector A of transmission about 1/9; 
sector B (= A*) of transmission about 1/80; 
sector C of transmission about 1/33; 

and these were employed as follows: 

/or palladium A x A or, in a single stage, B; 
for platinum C x A; 
for rhodium B x A. 

Owing to the coincidence that the two palladium sectors sufficed for 
rhodium, it was unnecessary to make an extra sector for the latter point. 
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Further, since the sector A was in each case employed for the final reduction 
to the gold point, the intermediate temperature was the same for all the 
metals, thus giving a close correlation of the several freezing-points. It 
may be added that the intermediate temperature, which was about 1270®C, 
falls in a region of brightness comfortable to the eye, and that the observa¬ 
tions at the point to be determined, which of course were subject to a time 
limit, were taken at this brightness. 

The sectors A and B were cut in aluminium disks 0-6 mm. thick and 
39 cm. in diameter, each disk having two equal openings symmetrically 
placed with respect to the centre. The edges, 1 cm. long, were bevelled off 
and trued against a radial jig. The apertures did not extend up to the 
peripheries of the disks and the risk of damage to the radial edges was thereby 
diminished. In order to attain the same degree of certainty in the trans¬ 
mission coefficient with the sector B, a much larger disk (80 cm. in diameter) 
was employed. When made in aluminium 0*5 mm. thick, such a disk was 
found to be liable to violent vibration. This trouble also occurred in disks of 
double thickness, and it was overcome by the following arrangement.* 
The sector openings were cut, as described, near the outer edge of a disk 
80 cm. in diameter and 0*5 mm. thick, and a second disk, uncut and of 
rather smaller diameter (75 cm.)—^so as not to obscure the openings—^was 
mounted on the same spindle in contact with the first disk. It is thought 
that, when this assembly is rotated, the disks adhere owing to reduced air 
pressure between them, and that, the natural periods of the two being 
different, any tendency of either to vibrate is suppressed by friction. 
However this may be, the combination proved U) be notably silent and 
sweet running up to the maximum speed of rotation, which was some 
2500 r.p.m. 

The optical pyrometer with which the measurements were made and the 
high-frequency inductive system for heating the ingot, were identical with 
those previously employed and the wave-band used in the pyrometer was 
defined by the same red-glass filter. The ''effective wave-length*’ of the 
filter for each of the two stages of measurement, i.e. from the rhodium 
point to 1270° C, and from 1270° C to the gold point, was calculated as 
indicated in a former paper (Schofield 1934 ). As before, the red glass of the 
pyrometer was mounted in a cell and kept at a temperature of 25° C by 
water oiroulation. The details of the assembly inserted into the furnace coil 
are shown in figure 1 . It will be noted, among other things, that provision is 
mode for inserting and withdrawing, by means of solenoids, a window of 

* This arrangement was suggested by Mr Groce, who made all the sector disks 
used in the investigation. 
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silica between the furnace and the prism, so that the latter need only be 
exposed to risk of a deposit emanating from the ingot during the actual 
time when observations are being taken: and, further, that a double joint 
is provided between the prism and the flange of the silica container, with an 
intermediate ring of gloss. The joint in each case was mode with soft wax, 
and the upper joint, between the prism and the ring, was not disturbed 
during the operation of removing or replacing the top of the apparatus, 
thus minimizing the risk of accidental contamination of the prism face. 



0 1 2 3 4 5cin. 


Figobe 1 


The crucible assemblies were made by the Metallurgy Department of the 
Laboratory to whom we are indebted for the following particulars: 

The material consisted of thoria which was first fused, then ground in a 
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steel-ball mill, and treated with acid. After the lid’s crucibles and sight 
tubes had been moulded, they were fired to Cone 20 (nominally 1630° C). 

It will be observed from figure 1 that the sight tube was anchored at top 
and bottom, by being fitted into recesses in the lid and crucible. 

3. Experiments and results 

The work carried out at the National Bureau of Standards on the freezing- 
point of rhodium (Roeser and Wensel 1934), had shown the special im¬ 
portance of two precautions, viz.: 

L The necessity of melting the metal in mcwo, owing to the fact that, 
when it is melted in air, there occiurs an absorption of gas, whicjh is violently 
released on freezing. 

2. The avoidance, as far as possible, of films deposited on the inner 
surface of the window to the evacuated enclosure. 

With regard to (1), no difficulty was experienced with the pressures, 
ranging from ()-()2 to 0*5 mm. of mercury, used in our experiments. It may 
he mentioned that these relatively high pressures probably had the advan¬ 
tage of retarding the rate of film deposit which, as will be seen below, was 
very slow. On the other hand, they resulted in a luminous discharge which, 
however, proved to have a negligible brightness for the wave-band of the 
pyrometer. 

With regard to (2), the arrangements shown in figure 1 for protecting the 
lower face of the prism, except during actual observation, have already 
l>een described. It may be added that, before experiments were com¬ 
menced, the ingot was heated for several hours in vacuo, to within 200° C 
of the melting-point, in order to eliminate volatile matter from the metal 
and its surroundings. The prism was then cleaned and replaced. In the 
subsequent experiments the deposit of film turned out to be very gradual. 
Thus a measurement made after fifty-nine freezes with the ingot No, 2, 
referred to below, showed that the acquired film had an absorption equiva¬ 
lent to only 1*9" C at the freezing-point, or about 0-03'' C per freeze. In this 
case a correction proportionate to the number of freezes was applied to each 
reading. With the ingot No. 1 the prism was not used for more than six 
freezes without cleaning, and no correction was applied. 

The measurements consisted of the usual time-temperature observations 
taken during the period of freezing or melting of the metal. S})ecimens of 
the best types of curves obtained in this way are shown in figure 2, and a 
summary of the results is given in table 1. The following comments may be 
added. 
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The forms of the curves were, on the whole, very satisfactory, some 50 % 
not differing appreciably in (quality from those in figure 2, The length of the 
halt in melt and freeze was varied from about 6 to 12 min. or longer without 
noticeable change in value. No undercools were detected during freezing, 
the metal behaving in this respect like palladium, but differing greatly 
from platinum, with which uudercools uj) to 150" C had been obtained. Two 
ingots were employed, the first being maintained hot for 27 hr. while 
twenty melts and freezes were observed, and the second for over 60 hr., 
allowing for seventy-five melts and freezes. The observations referred to 
consisted of brightness measurements by the Physics Department, and 
brightness and colour measurements by the Photometry Division. The 
measurements of the Physics Department, aimed at a determination of the 
freezing-point, are alone dealt with in this paper. 
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The experiments with each ingot were brought to an end by the cracking 
of the crucible, which allowed the metal to run out. 

The values obtained by four observers for the melting- and freezing- 
points of two ingots, are summarized in table 1. 

In arriving at the final mean values in table 1, double weight has been 
given to the observations of A and B, owing to the fact that all the readings 
at the gold point were taken by these observers. The total exclusion of the 
values of C and D would only raise the means of melt and freeze by 0-3 and 
0 *6" C respectively. 

With regard to columns 2 and 3 of table 1, the specimens corresponding 
with the metal before and after the experiment were token respectively 
from the same stock as that used in preparing the ingots and from the ingots 
themselves. Rhodium is notoriously difficult to draw, and consequently it 
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Table 1. Melting- and freezing-points of rhodium. Summary 
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WEB not possible to test the metal in the usual wire form. The first measure¬ 
ment entered in the table was obtained on a roughly swaged wire, and the 
lowness of the value suggests the possibility of contamination having 
occurred in this process. The three remaining values were obtained on strips 
about 0 * 1 X 2 X 600 mm. in size. In every case the specimens were annealed 
to HOO"" C in a furnace before measurement. 

Excluding the first figure, the values for the ratio ifioo/^o compare 
favourably with the highest previously published, namely that of 1*457 by 
the Bureau of Standards, and point to an exceptional purity of the metal. 


4. Discussion of results 

It will be seen that the results given in table 1 show a very good agree¬ 
ment between the means of some forty melts and forty freezes with a com¬ 
paratively small range of individual values. The probable errors applicable 
to this type of measurement have been dealt with in the former papers on 
the platinum and palladium points (Schofield 1934 . 1936 ), and were esti¬ 
mated in each of these cases at ± T' C. All of the common sources of error 
increase with rising temperature, and as compared with the higher of the 
points mentioned (platinum 1773"^ C) there is the complication of working 
in vacuo in the present instance, though the correction for film formation 
turned out to be small. The authors estimate their limits of accuracy to be 
± 3'^ C, and give the value for the melting- or freezing-point of rhodium as 

For comparison with former work, the values summarized by Roeser and 
Wensel ( 1934 ), table 2 . 


Table 2. Summary of determinations of uHOBiim point 




Value on 
international 




temperature scale 


Observer 

Year 



Metal in form of 

Holborn and Henning 

1905 

1891] 



Mendenhall and Ingersoil 

1907 

1946 


Small 

speoLmans 

Von Wartenberg 

1910 

1980' 


Burgess 

1916 

1974 


Henning and Heuse 

1924 

1968^ 



Swanger 

Rooser and Wensel 

1929 

1933 

19841 

1966 

1 

[■ 

Substantial 

ingots 

Present work 

1939 

1966J 

1 
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The determinations down to 1924, with the exc^eption of that of Von 
Wartenberg, were all made by optical pyrometer sighted on samples of 
rhodium heated electrically in air or on small bits of the metal placjod on 
electrically heated materials. Von Wartenberg melted small samples of 
rhodium in a tungsten tube in vacuo. The remaining determinations were aU 
made on ingots heated inductively, that of Swanger being preliminary to 
the work of Roeser and Wensel. It is satisfactory to note that the present 
investigation has yielded a value indistinguishable from that of the two 
last-mentioned observers. 


Summary 

The freezing-point of rhodium on the International Temi)erature Scale 
has been determined by measuring the ratio of brightness, for a certain 
wave-length, of black-body radiators held at the freezing-points of rhodium 
and gold, the latter being the basic point of the sciale for all high tempera¬ 
tures. The experimental procedure was similar to that adopted at the 
Laboratory and elsewhere for determining the freezing-point of platinum 
and the value obtained, 1966 +3'’C, is indistinguishable from the only 
previous one by the same method, namely that of the National Bureau of 
Standards. 
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The decomposition of alkyl peroxides: dipropyl 
peroxide, ethyl hydrogen peroxide and propyl 
hydrogen peroxide 
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iNTEODtrCTlON 

In a previous paper (Harris and Egerton 1938 ) the results of an investiga¬ 
tion of the decomposition of diethyl j)eroxide have been published. The 
present cominunication deals with the related compounds (a) dipropyl 
peroxide, which closely resembles the diethyl compound as it decomposes 
unimolecularly, (h) ethyl hydrogen peroxide, and (c) propyl hydrogen per¬ 
oxide. The two latter decompose heterogeneously at lower temperatures, 
while at higher temperatures they decompose luminously in absence of 
added oxygen. 

Dipropyl peroxide does not appear to have been mentioned in the liter¬ 
ature; it was isolated from the products of a preparation of propyl hydrogen 
peroxide. The latter was prepared by Medvedeef and Alexeeva ( 1932 ), who 
found that the substance did not liberate the theoretical quantity of iodine 
from potassium iodide. In solution it decomposed to propaldehyde. 

Ethyl hydrogen j>eroxide or homologues may be of importance in slow 
combustion reactions, and is said to have been identified in combination 
with formaldehyde among the products of slow oxidation of octane (Mon- 
dain-Monval 1932 ), 

The difficulty in studying the peroxides lies in the poor yields obtained in 
the preparations. The strongly alkaline reaction mixture required to bring 
about the alkylation rapidly decomposes the alkyl hydrogen })eroxide as it is 
formed, so good yields by this method of preparation are unlikely. 

Dipbopyl peboxidk 
Preparation of the propyl peroxides 

The reaction mixture for the preparation is that calculated for the forma¬ 
tion of the propyl hydrogen compound CaH^OOH; changing the ratio of the 
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alkyl sulphate to hydrogen peroxide used has little effect on the yields 
because, at best, only some 10 % of the sulphate reacts before all the 
hydrogen peroxide has decomposed. 

A mixture of 120 c.c. 100 volume hydrogen peroxide with a solution of 
56 g. potassium hydroxide in 60 c.c. water was prepared, the hydrogen 
j>eroxide having been previously cooled to — 20 "C. The liquid was then 
cooled in ice and 184g. (or more) dipropyl sulphate run in with stin’ing. The 
stirring was continued for 8 hr., after which the liquid was separated and the 
lower aqueous part was made just acid to methyl red. The upper layer was 
used again with a fresh lot of alkaline peroxide and the process repeated for 
five to six runs. 

I'he combined aqueous {)arts were distilled in vacuo to half bulk, and the 
distillate was extracted exhaustively with ether after salting out with 
ammonium sulphate. The ether extract was dried over sodium sulphate and 
the ether removed under slightly reduced pressure. The residual liquid was 
dried over anhydrous copper sulphate and distilled under 2 cm. pressure 
from a water bath. The fraction boiling at 35° G was (collected separately. 

The yield of propyl hydrogen }>eroxide was about 1 g. per run. It was 
stored over anhydrous copper sulphate and redistilled before use. 

The dipropyl peroxide which was f)resent with unchanged sulphate in the 
non-aqueous i)art of the reaction product was obtained by distillation of the 
mixture at 2 cm. pressure from an oil bath. The bath temperature was taken 
to 110 °C. The distillate was redistilled under reduced pressure, the liquid 
boiling at 51-53° C at 8 cm. being separately collected. The yield of dipropyl 
peroxide was about J g. per run. 

Properties of propyl hydrogen peroxide, C3H7OOH. 

Iodine liberation (methoi described in text): 77-8% theoretical. Ele™ 
nientary analysis: C40*H%, Hll* 2 %. (Calc, for 98-5% C 3 H 7 OOH, 
1*5% HjO: 0 46-8%, HlO- 8 %.) Density: 0-9040. Ref. index [Naj^]: 

1*3890 at 25-0° C, Becomes glassy at - 90° C. Boiling point: 35° at 2 cm., 
38° at 3 cm. 

Properties of dipropyl peroxide, C 3 H 7 OOC 3 H 7 . 

Elementary analysis: C61-3 %, H 11*5 %. (Theory: C60-9 %, H 11-9 %.) 
Density: 0*8254! Ref. index [Naj,]: 1*3911 at 20-5° C, 1-3940 at 16° C. 

Decmnpmition kinetics of dipropyl peroodde 

The decomposition was carried out in an all-glass apparatus similar to that 
shown in figure 2 of the previous paper (i 93 ®)> pointer of the spoon 
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was made to tilt a small mirror and, with the use of this, adequate sensitivity 
was attained. 


The initial pressures and the number of experiments are given below, with 
the temperatures used. 


Tomp. 

“C 


Limits of initial 

pressures No. of 

cm. Hg experiments 


176-4 2 -1 8 

170-2 2-5-0-7 7 

166-8 2-6-0-4 8 

166-3 2 -0-2 8 

146-6 3 -0-7 6 


The pressure time relation followed the unimolecular law, the plot of 


logic 


V 

p — x 


against time giving a straight line. The constants k 




were found and are tabulated in table 1 below. The activation enei^y found 
from the slope of the line, log k against the reciprocal of the absolute temper¬ 
ature, was 36-5 kcal. per g. mol., which is slightly higher than the value for 
the diethyl compound. ( 3 T 6 kcal. per mole.) 


Table 1. Velocity constants of dipropyl peroxide 


Temp. 

k Tnin.“^ 

146*5 

0-016 

155-3 

0-036 

166-8 

0117 

170-2 

0*141 

175-4 

0-246 


The final pressure was about 2-60 times the initial pressure, and x was 
calculated by dividing the pressure increment by 1-6. The final pressure after 
the end of reaction was determined at 156 ° and at 175 ' 4 °. It was also checked 
in a packed vessel and did not deviate from 2-6 times the initial pressure. 

The constant k was also calculated in a way which is independent of the 
value of the ratio of the pressure after complete reaction to the initial 
pressure and of the value of the initial pressure. The pressure increment after 
time intervals was divided by the increment over the same time inter¬ 
vals starting from some later time <g, and the log of the quotient was finally 
divided by the time difference tg—tj. The values of k so obtained were in 
satisfactory agreement with those obtained graphically. For example, at 
176 ' 4 ° C, the following results were obtained for a particular reaction. The 
pressure units are 7‘6 =» 1 cm. Hg. 



The decomposition of alkyl peroxides 129 


Fi^essure 

of 



peroxide 

Pressure 


k 



Time 

min. 

and 

products 

of 

peroxide 

11 p 

t p —a? 

by method 
above 

min. 

min. 

0 

16-0 

16*0 

_ 

_ 

— 

— 

0*6 

20-6 

11*34 

0*244 

0*260 

0 

1 

1*0 

24-7 

8*6 

0*248 

0*242 

0 

1 

2*0 

30-16 

4*0 

0*243 

0*242 

0*6 

1*6 

2*6 

31-9 

3*76 

0*241 

0*246 

1 

2 

3*0 

33-26 

2-86 

0*241 

0*256 

1 

2 

4*0 

36-2 

1*68 

0*242 

0*210 

2 

4 

6*0 

36-4 

0-76 

0*260 

— 

— 

— 

7*6 

37-6 

Ratio 2*5 






The results of experiments in a packed vessel at 146*5 and 156*3° were the 
same as those from unpacked vessels, so it may be concluded that the 
reaction is homogeneous as well as unimolecular. 


Explosion and ignition of dipropyl peroxide 

By analogy with the diethyl compound, a luminous, explosive decom¬ 
position was expected to take place above certain limits of temperature and 
pressure. Trials, however, showed that the decomposition, although it 
could become explosive, did not give rise to visible light. Accordingly the 
Umiting pressure at which the transition to explosive decomposition took 
place had to be fixed by observation of the pressure gauge. For this purpose 
an aneroid gauge of low inertia was employed. At 199° C the limit was 
between 0*69 and 0*67 cm., and at 210° C between 0*31 and 0*30 cm., the 
vessel diameter being 4*2 cm. 

In presence of air there is emission of light when the peroxide is admitted 
to the vessel. The minimum amount of ]>eroxide to give rise to a visible flash 
was very small as in the case of the other peroxides. The minimum pressure at 
which the flash was seen was 0*007 cm. with 3*5 cm. air, and 0*01 cm. with 
35cm. air at 271°C, and at 201°C it was 0*058om. with 11cm. air. The 
colour of the flash was blue. The pressure of peroxide was measured on a 
manometer containing amyl phthalate attached to the reservoir vessel 
[A in figure 1 of previous paper). The low-pressure end of the manometer was 
permanently connected to the vacuum line. 

These experiments indicate that the dipropyl compound explodes at 
slightly lower pressures than diethyl peroxide under comparable conditions. 
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FiauBE 1. The unimoleoulaj decomposition of dipropyl peroxide. 
Inset: the line logioA: (ordinates) vs. XjT (absoissao). 
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Decomposition products of dipropyl peroxide 

The products of the unimolecular decomposition are not only those to be 
expected from the reaction C 3 H 7 OOC 3 H 7 = CgH^OH-f C 2 H 5 CHO, which 
would lead to a pressure increase of only 100 %, the value found being 
150%. 

By withdrawing from the decomposition apparatus the reacted material, 
it was possible to obtain a small sample of gas, which was found to be 
approximately 50 % carbon monoxide and the remainder hydrocarbon 
(C^H 2 „^. 2 ) j>erhaps some hydrogen having a value of n between 3 and 
4. In order to collect more product, the peroxide was decomposed by re¬ 
fluxing in a tube, the upper end of which was heated to 180*^ C. The analysis 
of the gaseous products was CO^ 5 %, CO 49 %, Hg 6-1 %, hydrocarbon 
36*5 % (n — 3*41). The liquid part which was nearly equal in weight to the 
original peroxide was treated with dinitro-phenylhydrazine solution. After 
recrystallization, the aldehyde derivative melted at the same temperature 
as the propaldehyde derivative, and did not depress its melting point. This 
proves the presence of propaldehyde. Distillation of the filtrate from the 
precipitation gave a solution of some compound which could be oxidized by 
weakly acid dichromate, presumably propanol, but a derivative could not be 
obtained. After oxidation of part of the original liquid with alkaline hy¬ 
drogen peroxide, it precipitated mercurous chloride from boiling mercuric 
chloride, indicating the presence of formaldehyde in the original. 

Hence it api>ears that the decomposition furnishes the products of de¬ 
composition of the aldehyde besides propaldehyde and propanol, or alter¬ 
natively, the reaction characteristic of the explosion takes place to a small 
and constant extent because of the constancy of the pressure increment. The 
latter is more likely in view of the high value of n. 

The explosive decomposition products were obtained by dropping during 
a ijeriod of about 1 min. the liquid peroxide from a tap funnel into a tube in a 
furnace at 240° C. The lower end of the tube passed into a cooled trap at 
“ 50° and any gas passed on through a water scrubber to a gas burette. The 
results of such an experiment are given below. 

Weight used, 0-294g. Condensed, 0-199g. Gas, 10-9 c.c. non-condensed, 
and 36-7 c.c. condensed. 

The boiling point of the condensed gas was 1 ° C, corresponding to that of 
butane. Analysis of the fractions showed that the non-condensed gas was 
CO 26‘5 % and hydrocarbon (n = 2 - 1 ) 73-5 %, the condensed fraction was 
^0 3 %, hydrocarbon {n ^ 4 ) 97 %. The yields in moles x 10 ~* were 
HCOOH 3 - 6 , HCHO 40, 16, CO 1 - 8 , alcohol 4, C^He 3-6. Most of the 
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formaldehyde was present as paraform. It is possible that a little propalde- 
hyde was also present. 

The two most important products of the explosive decomposition are 
clearly formaldehyde and butane, tfie reaction 

CHaCH^CH.O CH^CH, CH^O 

CH3CH2CH2O " CH3CH2 CH3O 

being analogous to the one by which diethyl peroxide forms ethane and 
formaldehyde. 


Ethyl hydrogen peroxide and propyl hydrogen peroxide 

Preparation of ethyl hydrogen peroxide 

The preparation of ethyl hydrogen peroxide is effected by ethylation of 
hydrogen peroxide (Baeyer and Villiger 1901 ). As the procedure adopted by 
these authors has been modified, the method employed is briefly described. 

A mixture of J 20 c.c. of 100 volume hydrogen peroxide with a solution of 
66 g. j)ota 8 sium hydroxide in 60c.c. water was prepared, the hydrogen 
peroxide having been previously cooled to — 20 ^^ C. The mixture was then 
cooled in an ice bath, and was stirred mechanically while 164g. diethyl 
sulphate was added in lOc.c. lots at intervals of about 16 min. The stirring 
was continued for some 20 hr., at the end of which time the aqueous liquid was 
nearly neutral. The aqueous layer was separated off, made just acid to methyl 
orange and transferred to a distillation flask. About a third of the volume 
was distilled over at 2 cm, pressure from an oil bath. The distillate was ether 
extracted and the extract dried over sodium sulphate. The ether was 
removed at about 16 cm. pressure, and used to re-extract the aqueous 
solution. This was repeated until no more peroxide could be extracted. 

After standing over anhydrous copper sulphate the peroxide, stiU con¬ 
taining some ether, was fractionally distilled at 5 cm. pressure from a water 
bath. The fraction boiling at 41-44° C was collected separately. Finally the 
peroxide was kept over anhydrous copper sulphate and distilled when 
required. The best yield obtained was lOg. 

Properties. 

Iodine liberation (see text): 90% theory. Density: 0*9332. Ref. 

index [Naj^]; 1*3800 at 20*5° C. Becomes glassy at — 100 °C, Analysis: 
C 40*1 %, H 9*7 %. (Calc. C 38*7 %, H 9*75 %. A mixture of 90 % peroxide 
with 10 % acetaldehyde would have C40-6 %, H 9*7 %.) 



The decomposition of alkyl perooddes 


133 


Decomposition of ethyl hydrogen peroxide 

The preliminary experiments on the decomposition were carried out in 
Pyrex tubes (volume 16c.c.) into which about 0*06 g. of the peroxide was 
weighed. The tubes were cooled to — 70® C, evacuated and sealed off. They 
were then heated for various times either in water vapour or toluene vapour. 
After cooling the pip was broken off under water. The resulting solution was 
analysed for peroxide by the method described later. 

Owing to the lag in attaining the bath temperature, the amount decom¬ 
posed is too low in each case. These results were compared by the use of the 
unimolecular equation, for although later experiments show that the de¬ 
composition is heterogeneous, the terms not in accord with the unimolar 
expression are nearly equal and opposite, provided the initial pressures are 
not very different. 

Table 2 




Equiv. 

Equiv. 


Permanent 

Temp. 


peroxide 

peroxide 

k 

gas Owc. 

oc 

Conditions 

used X J 0"* 

after X 10''* 

min.*“^ 

(N.T.P.) 

100 

3 min. heating 

9*2 

7-66 

0-0286 

0-2 

»* 

4 min. heating 

12-96 

99 

0-0294 

0-3 

*» 

11'5 min. heating 

14-6 

7-1 

0-0274 

0-3 

f > 

0 min. heating with 
KCl 

10-2 

1*9 

0-120 

3-0 

138 

1 min. heating 

13-7 

8-6 

0-216 

0-2 


1 min, heating with 
SiO, gel. 

14-1 

8-46 

0*222 

1-3 

»> 

1 min. heating with 
KCl 

15-2 

1-2 

1-036 

2-6 

I* 

1 min. heating with 
NaCl 

IM 

2-7 

0-879 

2-6 


The amount of alkali chloride used was about 0-1 g. The increase in total 
surface by this addition would be small and less than in the experiment in 
which silica gel was added. Hence it is evident that the nature of the surface 
plays an important part in determining the reaction rate. 

Decomposition kinetics of ethyl and propyl hydrogen peroxides 

As the peroxides react with mercury, causing it to tail, an all-glass appa¬ 
ratus with glass Bourdon gauge was used to study their decomposition. It 
was similar to that used for the dipropyl peroxide experiments. The upper 
pressure attainable when propyl hydrogen peroxide was the subject of 
investigation was rather low owing to its low vapour pressure and the con¬ 
sequent proneness to condensation. The reaction products also tended to 
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Figube 2 a, Pressure-time curves for ethyl hydrogen peroxide decomposition: (a) empty vessel at 166-5^ C; (6) empty vessel salt 
ivashed at 156° C; (r) packed vessel at 156° C; (d) empty vessel at 180° C; (e) empty vessel salt washed at 180° C; (/) packed 
vessel at 180° C. 

Figube 26. Pressure-time curves at various initial pressures for propyl hydrogen peroxide decomposition: (a) empty vessel at 
166-5° C; (6) packed vessel at 166-6° C; (c) empty vessel at 166-5° C; [d) empty vessel with active surface at 166-5° C. 
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The decompoaition of odkyl peroxides 

condense if the initial pressure was higher than about 3 cm. The correspond¬ 
ing pressure for the ethyl hydrogen j^eroxide was about 6 cm, 

In figures 2a and 2b some specimen pressure-time curves are shown for the 
two peroxides in empty and packed vessels, and the effect of salt washing and 
of a trace of impurity (most likely mercury) can be seen. The vessels were of 
Pyrex and the packing consisted of a number of lengths of quill tubing. 

The fact that the rate is greater in vessels with increased or modified 
surface indicates that the reaction is heterogeneous, so an expression for the 



0 30 60 90 0 30 60 90 


time (sec.) time (soo.) 

FiGuax 3 a. Dooomposition of ethyl hydrogen Figure 36. In empty vessel at 
peroxide* in empty vessel at 180-6*’ C. lee ^** C, 
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rate waa derived as follows: if the adsorption coefficient a determines the 

kip — a:) - 

rate, then applying the Langmuir isotherm, a - where 

p->xm the pressure of undecomposed i)eroxide at time t, and jo is the initial 
pressure. Equating this to dxjdi and integrating the equation 


is obtained. 





log 


p — x 



Fioumi 4o. Decomposition of propyl hydrogen 
peroxide, in empty vessel at 166-5'’ C. 


Fioubb 46. In packed vessel at 
166-6* C. 


In order to apply this equation it is convenient to choose a value of xjp 
(a say n) in which case it reduces to 


t =* 7 log-;-+ 

k ® 1 -n 


(ki — k^np 

k 


+*log 


1 

1-n’ 
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The decomposition of alkyl peroxides 

which is a straight line when only^ and t are variable. In figures 4-6 are shown 
the experimental values of t for different initial pressures p, and for values of 
n up to as much as O-S. The value of x was calculated by multiplying the 
pressure increment by two, for at the end of reaction the pressure increase 



0 30 60 90 120 150 180 

time (sec.) 

Figuhe 6, Decomposition of propyl hydrogen peroxide in empty vessel at 166-5“ C, 

having active surface. 

was 46 % in the case of the ethyl compound (which was 90 % pure) and was 
nearly 60 % in the case of the propyl compound. Thus a value of 

pressure at time t ^ 
initial pressure 

is equivalent to a value of n 0'2 or 20 % decomposed. 

The constants k, etc., are calculable from the slopes and intercepts of the 

Imes, but as the factor np varies at nearly the same rate as p log^ 7 -I— ** 

1 — 
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not possible to obtain accurate solutions of the simultaneous equations for 
ky and k^. In table 3 some values of the constants are given for the various 
experimental conditions. It appears that the two peroxides behave very 
similarly. It is noteworthy that the acceleration in the vessels with active 
surface is due more to a lessening of the protective effect of the peroxide and 
its decomposition products as shown by low ky and k^y than to an increase in k. 
The value of k is the product of the rate of the surface reaction and the ad¬ 
sorption factor, so its comparative constancy in this case may be due to 
decreased adsorption coupled with increased reaction rate. 

Table 3 

Units: Proasuroa in om. logs to base 10. Time in sec. 


Substance 

Temp. 

Conditions 

h 

ky 

K 

CjHaOOH 

166 

Pocked vessel 

0*04 

1*6 

4 

166-6 

Packed vessel 

0*066 

4-6 

7 


180 

Packed vessel 

0-067 

2-8 

3*8 


166-6 

Empty vessel, active surface 

0-0092 

0-46 

0 


180 

Empty vessel, clean surface 

0*011 

1*6 

2-6 

CaH^OOH 

166‘6 

Packed vessel 

0*05 

3*8 

6*4 

166-6 

Empty vessel, active surface 

0-0113 

0-52 

0*22 


166-6 

Empty vessel, clean surface 

0-008 

3*6 

4*8 


The agreement of the experimental data with the equation used and the 
acceleration of the decomposition by surface show that the ethyl and propyl 
hydrogen peroxides decompose heterogeneously. 

Imminoua decom^poaition of ethyl and pro^yyl peroxides 

In the course of the preliminary experiments on ethyl hydrogen peroxide, 
it was found that if the tubes containing a little peroxide were heated rapidly 
to about 150° C, an explosive reaction took place with emission of light, and 
some of the tubes were shattered. On breaking off the pip of those which had 
remained intact under water, it was possible to collect a sample of gas. The 
high pressure of gas in such cases (2 atm. corresponding to 30 c.c. at 1 atm* 
when the tubes were at room temperature) is in marked contrast to the small 
volume formed as a result of slow decomposition (vide table 2 ). By in¬ 
jecting approx. 5 mg. of the liquid jyeroxide through a fine capillary at 160°, 
explosion occurred before it reached the attached reaction vessel. 

Luminous decomposition of the vapour could be observed, using the 
apparatus shown in figure 1 ofthe previous paper ( 1938 ). The low pressures of 
the peroxide requisite to give rise to a visible glow were measur^, as in the 
case of dipropyl peroxide, by means of an amyl phthalate manometer. On 
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account of the feeble luminosity it was necessary to work in the dark and to 
rest the eye before making an observation. The results are only quoted to 
show that exceedingly small pressures can suffice, and may be determined 
by the limiting sensitivity of the eye. This applies particularly to those in 
table 5, and ore not necessarily the lowest at which the ignition will take 
place. The vessel diameter was 4*2 cm. 

Table 4 

Explosion pressures of ethyl hydrogen peroxide (mm.Hg) 


Temp. Flash not 

° C Flash seen at seen- at 

195 8*9 8*6 

201 2*3 2 1 

230-6 0*92 0*89 

241*6 0*80 0*80 

262*6 0*66 0-60 

Explosion prtiasure of propyl hydrogen peroxide 
233 1*6 1*4 


The light emitted was of a sky-blue colour, and seemed to persist longer 
than the luminescence associated with the explosion of diethyl peroxide. 

The pressures at which ignition could be observed in the same vessel were 
as follows: 


Table 6 

Ignition pressures of ethyl hydrogen peroxide (mm.Hg). Pressxire of air added 11 cm. 


Temp. 

“C 

Flash seen at 

Flash not 
seen at 

201 

0*18 

0*13 

230*6 

0*18 

0*13 

241*5 

0*19 

0*06 

268 

0*10 

0*04 


Ignition pressure of propyl hydrogen peroxide 
233 0*176 — 


The luminosity was not observed in a 1*1 cm. diameter vessel at 237® C at 
pressures up to 9*5 mm. of propyl hydrogen peroxide. 

The pressures for ignition at a given temperature are always lower than 
those for critical explosion; both, however, for propyl hydrogen peroxide 
appear to be slightly higher than for ethyl hydrogen peroxide, so far as these 
experiments indicate, which is contrary to the result for the dialkyl com¬ 
pounds. Both the explosion pressure and ignition pressure of the dialkyl are 
lower than those of the alkyl hydrogen peroxides, but the explosion of the 
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latter may not be the same t 3 rpe of process, for it may be an ignition due to 
oxygen produced in the decomposition as is shown by the analyses (see 
table 6). 

Decomposition products of ethyl hydrogen peroxide 

It has already been mentioned that the slow decomposition did not give 
rise to important quantities of gas, whereas the explosion formed much gas. 
In order to obtain the slow decomposition products, some of the peroxide 
was distilled through a tube either containing glass wool (at lower tempera¬ 
tures) or empty (higher temperatures). The liquid products were condensed 
in a cooled trap, and the gas was drawn off by means of a Toepler pump 
arrangement. The presence of unreaoted peroxide and the formation of 
paraldehyde rendered analysis difficult, and the small quantity of material 
available rendered identification of the various products uncertain. 

The most important products were acetaldehyde (mostly polymerized), 
formaldehyde and alcohol. The latter was not methanol, so it may reasonably 
be assumed to be ethanol. The isolation of oxygen at the lower temperatures 
shows that such reactions as 

2 C,H 500 H^ 2 CaH 50 H + Og 

and/or 2 CjH 500 H-^ 2 CH 4 + 0^ + 2CH80 

may be taken as primary processes, followed by oxidation of the acetalde¬ 
hyde formed by the reaction CgHgOOH-^CHgCHO -h HgO. It seems probable 
that the hydrogen arises from the decomposition of the intermediately 
formed CgHgOOCHaOH, because a trial with this compound showed a 
greatly increased hydrogen yield. 

Tablx 6 

Decomposition products of ethyl liydrogen peroxide 
Units, moles x 10“* from 10 moles x iO"** used 

Temp. Undo- 


"C 


composed COj 

CO 

0. 


n 

H, 

HCHO 

Aid. 

Ale. 

170 

P 

? 

0062 

0*086 

0*633 

0*298 

M8 

— 

M3 

(1’82) 

(4*86) 

186 

P 

0-42 

0*60 

0*49 

0*31 

0*60 

1*36 

0*16 

1*01 

(0*89) 

2*93 

200 

P 

0‘77 

0-26 

0*83 

0*26 

1*06 

1*6 

— 

1*88 

1*76 

4*82 

320 

E 

0-20 

0-33 

3*64 

— 

4*11 

1*32 

0*30 

M6 

1*95 

1*25 




Decomposition products of Cj 

iH,OOCH,OH 



306 

E 

0-62 

0*09 

1*66 

— 

1*76 

1*67 

208 

4*88 

3*43 

4*83 


In confirmation of the predominantly surface character of the decomposi¬ 
tion, it was found that passage of the peroxide in a nitrogen stream through 
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an unpacked tube at 180^ C with a contact time of 4 did not lead to more 

than 5 % decomposition. This also shows that the peroxide is protected 
from decomposition under such conditions and exists at comparatively high 
temiwatures. 

At 200 ° C the yields from a tube containing salt-coated glass wool were 
identical with those from the untreated wool. The decomposition in the 
empty tubes was no doubt of the explosive nature: there was considerable 
formation of fog. The essential difference is the formation of more carbon 
monoxide and hydrocarbon at the expense of aldehyde and alcohol. The 
figures in the table in parentheses are low in the case of aldehyde owing to 
the method of estimation causing polymerization to resins instead of oxida¬ 
tion to acid when peroxide was present; the alcohol figure is high owing to 
conversion of some peroxide to alcohol during analysis. 

The absence of unsaturateds is notable; they were only formed if the per¬ 
oxide exploded in bulk. Thus the gas from one of the tubes in which explosion 
had taken place at 150° had the following analysis: CO 2 , 3*0 %; CO, 37*9 %; 
H*, 19-5 %; CgH,, 7-0 %; CH 4 , 29-1 %. 


Decomposition products of propyl hydrogen peroxide 

The decomposition products were obtained in the same way as those of the 
ethyl compound, viz. by distillation through a hot tube. In the first three 
experiments the tube was packed with glass wool. These are marked P; 
the other runs were carried out in an unpacked tube and are marked E. The 
run at 247° was in the presence of carbon dioxide, which was used as carrier; 
the reaction is, therefore, likely to be preponderantly homogeneous owing to 
the buffering effect of the gas. The last experiment at 300° was carried out 
by dropping the liquid peroxide from a tap funnel into a hot tube. The 
products were sucked out of the other end of the tube. 

Table 7 

Decomposition products of propyl hydrogen peroxide 
Yields in moles per 10 moles decomposed 


Unde- 


Temp. ®C 

composed COj 

CO 

H. 


C,H. 

HCHO 

Aid. 

Alo. Unaat. 

180 

P 

3*61 

0*06 

0*21 

— 

0*36 

— 

2*79 

(2*82) 

(7*26) 

— 

200 

P 

0*14 

0*57 

0*62 

0*60 

1-08 


2*80 

2*70 

5*39 

— 

250 

P 

1*42 

0-70 

1*06 

1*06 

1*39 

0*14 

3*61 

(1*48) 

4*40 

— 

247 

E 

0*40 

? 

0*20 

0*40 

— 

0*81 

3*55 

4*2 

4*03 

0*2 

300 

B 

0-2 

0*36 

3*10 

1*43 

— 

3*26 

3*62 

2*0 

2*68 

0*2 

300 

E 

— 

0*85 

3-01 


4*93 


3*35 

? 

2-40 

0*2 

300 

E 

0*48 

0*29 

2-24 

0*75 

1*88 

0*53 

3*76 

2*30 

3*53 

0*4 
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The parentheses have the same meaning as those in the preceding table. 

The dimedone derivatives of the aldehydes could be separated into the 
high-melting formaldehyde compound (m.p. 188*^) and a small amount of 
low-melting material which could not be purified. The 3, 5, dinitrobenzoic 
ester of the alcohol was made, and it melted at 73^, corresponding to pro¬ 
panol. The peroxide itself was found to form an ester by the same method 
(Bohotten-Baumann) ; it melted at 62®. 

From table 7 it appears that the decomposition at surfaces forms con¬ 
siderable amounts of aldehyde and alcohol; the formaldehyde may be the 
result of the secondary oxidation of the higher aldehyde, the oxygen being 
provided by the reaction 2 C 3 H 700 H->‘ 2 C 3 H 70 H + 0^. The high temper¬ 
ature decomposition (which is attended by the emission of light) forms a 
hydrocarbon with the apparent n value of 3; but as the boiling-point has not 
been determined owing to the small quantity of gas available, the ix)ssibility 
of the gas being a mixture of equal parts of ethane and butane remains. 

Energy changes in the decomposition of ethyl and propyl hydrogen peroxides 

On the basis of the determination of the heats of combustion by 
Dr Stathis in this laboratory, it is possible to evaluate the heats of some 
alternative reactions of decomposition. 

The heat of combustion of the ethyl hydrogen peroxide giving an iodine 
liberation of 90 % theoretical was 6‘4kcal. per g. In view of the carbon per¬ 
centage being slightly over the theoretical, no correction has been applied to 
this figure. The corresponding value per g. mole is 335 koal. and the heat of 
formation would then be 64kcal. per mole. As the following heats of reaction 
refer to all compounds in the gaseous state, it has been necessary to assume 
a value for the latent heat, the figure used was lOkcal. per mole. 

Table 8. Heats of REAOTioisr 


Reaction 

R 

R' 

-AH koal 

ROOH-^R'CHO + H^O 

C.H^ 

CH, 

64 

C,H, 

C.H, 

55 

ROOH-i-ROH+iO, 

C.H, 

— 

8 



— 

5 

ROOM ->R'H 4- CH,0 4- iO, 

C,H. 

CHg 

- 0 


C.H, 


- 6 

ROOH-^RH-f-0, 

C.H, 

— 

-23 


C.H, 


-30 


The heat of combustion of propyl hydrogen peroxide was 6-3kcal. per g. 
Allowing in this ease for a purity of 98*5 % (this being based on the elemen- 
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tary analysis is no proof that the compound is in fact 98*5 % peroxide) the 
beat of formation (Uquid) comes to 70*4 kcal. per mole, the heat of combustion 
being 486 kcaL per mole. The latent heat has been taken as 10 koal. per mole. 

These values will not hold for surface reactions and the effective value 
will depend on the heats of adsorption. The products of the slow decomposi¬ 
tion indicate that the first and second reactions are involved, and the third 
may be the source of the lower hydrocarbon. At high temperatures when a 
homogeneous decomposition is more likely, the fourth process seems to take 
place. 


Discussion 

The decomposition of dipropyl peroxide proves to be of precisely the same 
nature as that of the diethyl compound. The phenomenon of transfer to ex¬ 
plosive reaction takes place at similar pressures to those for the latter, and is 
luminous in the presence of oxygen. Hence it appears safe to conclude that 
all the dialkyl peroxides have these properties. The importance of this in 
combustion chemistry is that the property of possessing a critical explosion 
pressure has been suggested by several workers as an explanation of the 
formation of cool flames during the course of slow-combustion reactions and 
was referred to in the previous paper (Harris and Egerton 1938 ). 

The fact that ethyl and propyl hydrogen peroxides decompose hetero¬ 
geneously at once suggests a connexion between these compounds and the 
initiation of slow combustions. The factors which accelerate the decomposi¬ 
tion of the peroxides (increased surface and salt washing) tend to inhibit the 
oxidation, and reduce the value of the exponent <j> in the expression for the 
reaction rate, at time t, w — If the oxidation proceeds via an alkyl 
hydrogen peroxide as the precursor of the formation of radicals, then the 
catalysis of the decomposition to inert products will slow down the rate of 
formation of radicals which is likely to be a homogeneous process, for, if not, 
the wall would act as a tliird body in i)ermitting their recjombination. 

The very faint general luminescence (not cool flame), which can be ob¬ 
served when slow combustion is taking place at 270-360'', may well be due to 
the continuous decomposition of an aUcyl hydrogen peroxide. As is shown by 
this investigation, very small amounts would be required to account for the 
degree of luminosity observed. 

Another reaction which is accelerated by salt washing is the oxidation of 
aoeteddehyde (Pease 1933 ). Whether a compound similar to ethyl hydrogen 
peroxide is involved in the reaction is not yet known, but the fact that the 
salt coating reduces the yield of peracetic acid to zero in the final oxidation 
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products makes it appear that the intermediate product (CHjCHO.O*) is 
decomposed on a salt surface to other products such as carbon dioxide, in¬ 
stead of becoming stabilized as peracetic acid. The only alkyl peroxides that 
could reasonably be formed from acetaldehyde are the mono- and di-methyl 
compounds. Whether the cool flames which have been observed in the 
oxidation of acetaldehyde are to be attributed to one of them is uncertain, 
but methanol is a product of the reaction, as would be the case if the reactions 
CH3OOCH3 = CH3OH + HCHO, or 2CHaOOH - CH3OH -h 0* were taking 
place. Preliminary experiments which have been made on the decomposition 
of peracetic acid show that when it is decomposed at low pressure at 500", 
methanol is one of the products, which can be explained if the equilibrium 
CH 3 COOOHt::;CH 3 CHO. Ojj is shifted to the right at high temperatures, and 
is followed by a breakdown of the aldehyde peroxide to methanol either 
directly or via the peroxides as above. 

If traces of any of the alkyl j>eroxides be added to a mixture of propane 
and oxygen and then admitted to a quartz reaction vessel at 280-350", the 
time before a measurable pressure change takes place is greatly reduced, but 
it is not always possible to reduce it to zero even by adding comparatively 
large amounts of peroxide. Provided the reaction is not very fast, the slope 
of the pressure-time curve is not affected by the peroxide. The condition of 
the surface of the vessel is of great importance in determining the efficiency 
of the peroxide and the slope. It has been observed that enough diethyl 
peroxide to promote an immediate flash as the propane-oxygen mixture is 
admitted to the vessel could be admixed without starting the propane oxida¬ 
tion in a vessel which had become inactive (probably owing to a trace of 
mercury or an alkaline substance). In the same vessel after activation with 
hydrofluoric acid, the reaction would proceed after a lapse of 18 min. even in 
absence of added peroxide. These facts indicate that the initiator of the 
hydrocarbon oxidation is not the peroxide itself, but most probably a 
decomposition product of one. 

The decomposition products (both surface and homogeneous) of the 
peroxides are not such as could be distinguished from the oxidation products 
of hydrocarbons, and as in any case the amounts would need to be only very 
small to account for the luminous phenomena, it is unlikely that evidence 
will be found analytically for their intermediate formation. Nevertheless, 
the behaviour of the peroxides which have been investigated is providing 
very valuable information towards the elucidation of the nature of the com- 
biistion and ignition of hydrocarbons. 
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Notes on analyticai^ methods 

The iodometric analysis of the ethyl and propyl hydrogen peroxides was 
carried out by weighing about 0*07 cm, of the substance into a weighing 
bottle containing 1 g. potassium iodide which had been dissolved in a little 
water, and 3-4 c.c, glacial acetic acid. After standing 15 min, the liquid was 
diluted and titrated with decinormal thiosulphate. A blank determination 
was carried out at the same time. The results when propyl hydrogen per¬ 
oxide was used were apparently too low, as the maximum strength found 
was 78 %, whereas elementary analysis indicated that the composition was 
nearly that calculated for the pure compound. 

The elementary analysis was carried out in a stream of nitrogen, as 
recommended by Rieche ( 1931 ). 

The methods used for analysis of the aldehydes and alcohols have already 
been described (Harris and Egerton 1937 ). 

The author wishes to express his thanks to Professor Egerton for having 
suggested and taken a close interest in this work, and to the Trustees of the 
Beit Research Fellowships for a Fellowship which rendered it possible. 


Summary 

The decomposition of dipropyl peroxide like that of diethyl peroxide 
(Harris and Egerton 1938 ) is a homogeneous, unimolecular reaction below a 
critical pressure: above this pressure explosive decomposition takes place. 
The limiting pressure varies with the temperature according to the law for 
thermal explosions. The products of slow decomposition ore complex, and 
include propaldehyde and an alcohol: the explosive decomposition leads to 
formation of butane and formaldehyde. 

The decomposition of ethyl and propyl hydrogen peroxides is*hetero- 
geneous and accelerated by increasing the surface or by coating the surface 
with salt. The vapours of these peroxides luminesce feebly when admitted to 
a hot vessel, probably due to combustion of part of the peroxide in oxygen 
liberated from the rest. The reaction products include aldehydes and alco¬ 
hols, and at low temperatures oxygen is found, while at high temj>eratures 
the hydrocarbon having the same number of carbon atoms as the peroxide is 
formed. 

All the peroxides ignite in air at very low pressures in the temperature 
range 200-300°, and the connexion between these results and the luminous 
phenomena of slow combustion is discussed. 
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The crystal structure oTlR-Ti^rc^pjyitllohocyanogold 

By R. F. Phillips and H. M. Powell 

The Mineralogy Department, University of Oxford 

{Communicated by C, S, Oibaon, i\S,S. — Received 19 May 1039) 

Recent chemical investigations (Gibson 1938 ) have led to the view that 
gold in its auric compounds is always 4-covalent, and crystal structure 
determinations (Cox and Webster 1937 ; Burawoy and others 1937 ) have 
shown that the arrangement of the four valencies is a planar one as predicted 
by Pauling ( 1931 ). The compound cUethylmonobromogold achieves these 
two conditions by dimerization with formation of the ring structure (I), 

Et Br Et 

\ / \ / 

Au All (I) 

/ \ / \ 

Et Br Et 

It is of particular interest to examine a corresponding cyanogold compound, 
since it is impossible in this case for the square containing two gold atoms to 
be formed. The co-ordinate link from the nitrogen atom to the next gold 
atom must be ooUinear with the Au—C ~"N links, and the simplest structure 
in which this principle of the 4-covalency of auric gold is adhered to is by the 
arrangement of four molecules as in ( 11 ). 

Et Et 

I I 

Et—A, u«-N=hO—A u—Et 

i t 

C N 

III III ( 11 ) 

N C 

■i I 

Et— Au—C=~N^Au— Et 

I I 

Et Et 

This atrueture was suggeated by Gibson and co-workera (Burawoy, Gibson 
and Holt 1935) and is supported by molecular weight evidence. 

This compound is, however, unstable, and the corresponding methyl com- 
imund has not yet been prepared. The next homologue, di-»-propylmono- 
cyanogold, is comparatively stable, and its crystal structure determination 
was therefore undertaken. Previous observations on this compound make 
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a determination of its molecular structure desirable^ since, although the 
molecular weight is in agreement with the tetrameric form, it has a small 
dipole moment, 1-47 D. 

The results of this investigation confirm the planar configuration of the 
auric gold valencies and provide information as to the dimensions of the 
links, particularly that of the covalent auric gold link. The analysis is of 
interest from the crystallographic standpoint, since it involves the evalua¬ 
tion of two two-dimensional Fourier series without centres of symmetry, a 
process of which there are not many previous examples. 


Unit cell and spack-oroitp 

Di-n-propylmonocyanogold crystallized from solution in ligroin in colour¬ 
less needles belonging to the pyramidal class of the orthorhombic system. 
The crystals were elongated along the c-axis and faces of the forms { 100 } and 
{ 110 } could be observed on the goniometer, but terminal faces were not 
distinguishable. There was a fairly good cleavage parallel to ( 001 ). The 
crystal class was found with certainty since there was a marked pyroelectric 
effect detectable by the liquid air method, and the lack of a symmetry centre 
and the absent spectra (see below) are only compatible with one space group. 
The polar axis was found to be along c. This was apparent from the ice 
crystal formation observed when a crystal was removed from liquid air, and 
showed itself also in the tendency of the crystals to stick to the blade used 
for cleavage parallel to ( 001 ). 

Oscillation photographs over 15° ranges were taken about the principal 
axes, and zero layer line Weissenberg photographs were obtained on a 
Buerger instrument (Buerger 1936 ) constructed by Zeiss. The radiation 
used was that from a Philips Metalix tube with copper anticathode. For 
rotation about the c-axis a needle crystal of approximately cylindrical shape 
0-8 mm. in length and 0*1 mm. in breadth was used, and for rotation about 
the other axes a crystal fragment with length considerably greater than its 
breadth was obtained by cleaving a similar crystal parallel to ( 001 ). The unit 
cell dimensions were found to be = 17-06, = 22-36, - 10-0 A. By 

flotation the density was found to be 2-14g,/c.c. and this gives for the con¬ 
tents of the unit cell 16moL of the formula AuPrgCN. The absent spectra 
were hOl for h odd, and Okl for I odd; taken in conjunction with the known 
polar character of the crystals this establishes unambiguously that the space 
group is Pm. 

Any atom in the cell must lie in the general point position with three 
similar atoms related by the symmetry in xyz\ + 
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and the sixteen gold atoms of the cell therefore comprise four 
crystallographioally different sets of four gold atoms. The positions of the 
sixteen gold atoms are therefore defined by 12 parameters, and the remain¬ 
ing 128 carbon and nitrogen atoms require a further 96 parameters. Owing to 
the large scattering power of the gold atoms it is possible to locate them 
approximately by means of Patterson-Fourier analysis combined with trial 
and error methods. The contribution of the gold atoms to the reflexions will 
be very great compared to that of the other atoms on account of their greater 
scattering power and because the probability of co-operation between the 
128 lighter atoms is so much smaller than that for co-operation between 16 
gold atoms. It is therefore possible to use phases of the structure factors, 
calculated for the gold contributions alone, on the basis of these approximate 
parameters, to perform the Fourier summations. 

Since no instrument for the direct estimation of intensities of reflexion was 
available the relative intensities for the AO/, OH, and hkO spectra on the three 
Weissenberg photographs were estimated by eye, by comparison with a 
scale of intensities previously prepared by timed exposure to X-rays. These 
relative intensities divided by the aj)propriate values of the expression 
(1 -l-oos^20)/2sin^^ gave values for and hence a set of quantities F' 
proportional to the structure factors F for the various reflexions. 

Pacterhon projection on (001) 

The (F\^)*’s were used to evaluate the two-dimensional series 
-Pry cc s s COS 2n(hx + ky). 

h k 

All values of (JF’')* for planes with sin 0/A less than 0'32 were included. The 
intensities of spots falls off very rapidly for high values of sin 0/A owing to 
the large temperature effect in these rather soft crystals and this indicates 
at the outset that we are dealing with a molecular crystal. The resulting 
projection (figure 1) suggested approximate x and y parameters for the gold 
atoms which were improved by trial and error methods and some preliminary 
Fourier syntheses. 

RbLATIVB BLEOTEON density projections on (001), (010), AND (100) 

The signs of F^jo’s were calculated on the basis of the gold contributions 
alone and the expression 

Pav S 2 Kko cos 2n{hx + ky) 

h k 

evaluated. Three suooessive approximations were made and small changes in 


lo-a 
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gold parameters occurred. Subsequent introduction of the contributions of 
carbon and nitrogen atoms did not affect the signs of any of a number of 
small F’h which are the only ones likely to be affected. Since the ( 001 ) pro¬ 
jection made it apparent that the molecule has the square arrangement of 
four gold atoms linked by CN groups the z parameters for all gold atoms were 
determined from it by assuming the correctness of the x and y parameters 
obtained and that the arrangement is accurately square. Calculated values 


k 



Figobe 1. One-quarter of the Patterson projection on (001). The two lowest contours 
are shown by broken lines and one very low region is shaded. 

of Ff^Ql and being satisfactory, the non-oentrosymmetric Fourier series 
for electron density on ( 010 ) and ( 100 ) were evaluated. The expressions used 

/o** QC s S f'hot COB {^nhx + 2 nlz - a ^ i ), 
h I 

and a similar expression for Values of a were calculated by use of the gold 
contributions alone but the error thus introduced will be somewhat greater 
than in the case of the ( 001 ) projection, where a can only be 0 or n. The 
additions were carried out by combining F and a in the way suggested by 
Robertson ( 1936 ). In these summations, counting positive indices only, 
in Afco’s, 44 and 44 #'q;u’s were used. All F values were calculated 
for gold contributions only and compared with relative observed values. 
The general agreement is good, the deviations for F’s unoorrected for 
temperature effect increasing with sind/A. In accordance with the recent 
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recommendation a detailed account of the method of analysis and these 
calculations are not published but a copy has been filed with the Royal 
Society for reference. 

The relative electron density maps and their corresponding atomic 
arrangements are given in figures 2-7. Contours were drawn through points 
of equal density at an arbitrary convenient set of equal intervals and all 
contours are regarded as positive, which is equivalent to the addition of a 
constant corresponding to In tables 1 and 2 estimated parameters for 
gold atoms are given and a list of co-ordinates for all atoms in one asym¬ 
metric unit. Figures 2-7 are not reproduced to the same scale. 



FiotJKM 2. Relative electron density projection on (001). Contours are drawn at arbi¬ 
trary equal intervals and thtj lowest contour shown is distinguished by means of 
broken lines. The positive end of the c axis is towards the observer. 


MoLKOULAB GONFiaiJRATIOK 

Consideration of the three electron density maps shows that the gold 
atoms are arranged in groups of four consisting of a square of side 6* 18 A, 
The ridges of electron density along the sides of the square as seen in figure 2 
immediately recall the proposed molecular structure with —links 
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Au~# C-* N-» 


Fiqtter 3. Structure projected on (001). Large circles Au; small circles C; double 
circles N. The two molecules lying beneath the upper heavily shaded ones are distin¬ 
guished by unshaded circles and broken lines. The four molecules are distinguished by 
P$ Q$ S, The positive end of the c axis is toward the observer. 



Fiquhe 4. Relative electron density projected on (010). Contours are drawn at arbi¬ 
trary equal intervals and the lowest contour shown is distmguished by broken lines* 
The negative end of the b axis is towards the observer* 
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do 


Fiquke 6 . Structiire projected on (010). Large circles Au; small circles C; double 
circles N. The four molecules are distinguished as P, i?, *S’. To indicate the tilt of the 
molecules, the side of the twelve-membered ring nearest the observer is drawn heavily. 
The negative end of the b axis is towards the observer. 


.X'''"' 

v^y-' J S;^ / f 

. V ^L J / 


Fiouee 6 . Relative electron density projected on (100). Contours drawn at arbitrary 
equal intervals and the lowest contour showii distinguished by broken lines. 
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between gold atoms. The distance 5-18 from gold to gold confirms this since 
the expected length is about 5*25. This figure is obtained by adding the bond 
lengths 2 x 1*31 (Au), 0-77 (C), 1*15 (CheiN), and 0*71 (N), the value for gold 
being that suggested by Pauling and Huggins ( 1934 ). It is possible that, as in 
some other compounds, the triple bond may affect the adjacent single bond 
lengths to a small extent, but it may be concluded from these observations 
that the auric four co-valent bond length is not far removed from PSA. 



N“*o C^o Au**4l 

Figukk 7. Structure projected on (100). Large circles Au; small circles C; dotible 
circles N. The four molecules are distinguished P, Qt P, S. To indicate the. tilt of the 
molecules, the side of the twelve-membered ring nearest the observer is drawn 
heavily. The positive end of the a axis is towards the observer. 

Two bondH of the gold atoms are therefore known to be at right angles to 
each other along the sides of the square. The projection figure 2 has, in addition 
to the gold peaks, ridges along the sides of the squares which are in part due 
to the C:™N groups. There are further areas, extending outwards from the 
gold atoms, which must be due to the propyl groups and these show clearly 
that the arrangement of the four bonds of each gold atom must be planar. 
Any attempt to attach proj)yl groups by non-square bonds, e.g. distorted 
tetrahedral, apart from being spacially imi>ossible, would require the propyl 
groups to appear more or less continuous with the diagonals rather than 
with the sides of the square. This projection is more reliable than the non- 
oentrosymmetric ones and gives the best view of the molecule, although 
even here the plane of the twelve-membered ring is considerably inclined to 
the plane of projection. 

Figure 6, which gives a view nearly sideways on to the twelve-membered 
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ring, has pronounced regions of low density marking the space between the 
more or less parallel molecules, and the lesser peaks again give some indica¬ 
tion of the position of the propyl groups. 

Tablk 1 . Parameters for gold atoms 



X 

y 

z 

Au^ 

-0*024 

0 14 

0 

Amb 

-0*058 

0*326 

0*307 

Amc 

0*242 

0*362 

0*296 

Aub 

0-277 

0*177 

- 0*012 


Table 2. Complete list of atomic co-ordinates 
FOR ONE MOLBCTTLE (P OF FIGURE 3) 

In this table y' and s' are given in Angatrorn units; elsewhere 3 /, s are expressed 

as fractions of the unit coll lengths. 


AU)m 

x' 

y' 

2' 

Atom 

x' 

y' 

2' 

Au^ 

-0-4 

3*13 

0 

Au^ 

4*12 

8*09 

3*13 


-0*63 

4*72 

M8 

Nc> 

4*36 

6*6 

1*77 

0.4 

-0*76 

5*63 

1*85 

Oc 

4*48 

5*59 

M 

Carbon 

*di 

-016 

1*48 

-1*22 

Carbon 

Ot 

3*88 

9*74 

4*17 

An 

0*04 

0*23 

-0*36 

On 

3*68 

11*00 

3*30 

An 

0*22 

-1*()1 

-1*26 

o. 

3*60 

12*23 

4*21 


-2*43 

2*8 

0*05 

Cn 

6*16 

8*42 

2*90 

An 

-3*33 

4*06 

-0*64 

c. 

7*06 

7*17 

3*49 

An 

-4*86 

3*81 

-0-50 

c. 

8*59 

7*41 

3*45 

Aufl 

-1*0 

7*27 

3*07 

A«b 

4*72 

3*96 

-0*12 

Nb 

0*97 

7*58 

3*02 

N/> 

2*75 

3*64 

-0*07 

Ob 

2*09 

7*78 

3*0 

On 

1*63 

3*44 

-0-05 

Carbon 

Bt 

-3*03 

6*94 

3*13 

Carbon 

A 

6*76 

4*27 

-017 

Bn 

-3*64 

7*8 

1*94 

A 

7*27 

3-41 

1*01 

Bn 

-5*07 

7*56 

1*98 

A 

8*80 

3*65 

0*98 

Bn 

-1*23 

8*92 

4*29 

A 

4*96 

2*30 

-1*34 

Bn 

-0*67 

9*43 

6*3 

A 

4*30 

1*79 

-2*36 

Bn 

-0*76 

10*66 

6*22 

Dn 

4*48 

0-56 

-3*28 


The four gold atoms are distinguished by A, B, 0, B. etc, refer to the 

carbon and nitrogen atoms of the cyano groups, and the carbon atoms of propyl 
groups are named A,, *4j, etc., in accordance with the scheme in III (p. 156). 

A large part of the projection on (010) figure 4 is taken up by the 16 com¬ 
pletely resolved gold atoms. This projection also has a considerably smaller 
area than the other two, and the overlapping of carbon atoms is very 
complex seen in this direction; it gives little help with regard to the propyl 
groups. 
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Position of carbon and nxtrogbn atoms 

It is not to be expected that individual carbon and nitrogen atoms will be 
resolved in the electron density projections since they are very light com¬ 
pared to gold and there is a great deal of overlapping, but partly as a result 
of this overlapping the density maps provide valuable evidence as to the 
position of these atoms. The co-ordinates of the carbon and nitrogen atoms 
of the oyano groups were estimated by assuming the bond dimensions given 
above. There is an ambiguity as to whether nitrogen and carbon should be 
shown as in figure 3 or should follow each other round the square in the reverse 
direction. It is hardly possible to settle this point, which has little chemical 
significance, but allowing for the gold-carbon distance being somewhat 
greater than that for gold-nitrogen, the arrangement shown in the figure 
appears slightly better than the alternative one. 

Tkje 71-propyl groups 

A successful attempt was made to assign positions to carbon atoms of the 
n-propyl groups on the basis of the following considerations. The resulting 
structure should agree with the electron density maps, the (001) projection 
being especially important. The four gold valencies are to be planar as the 
projections show, and the gold share of the bond length to the first carbon of 
the propyl group is taken as 1 *3 A the same as inside the square. The carbon- 
carbon bond length will be the normal aliphatic distance 1'54A and the 
carbon valency angle will be tetrahedral. No approach of atoms in neigh¬ 
bouring molecules shall be much less than 3*6 A. 

For convenience the molecule is represented by (III). 


(Ill) 
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where A, JB, C, D are the four gold atoms and the carbon atoms are desig¬ 
nated ^ 1 , ^ 3 , etc. The eight carbon atoms A^, etc., directly linked to 

gold are fixed by the known directions of the sides of the square and the bond 
length gold-carbon. Any possible position for the other carbon atoms is 
obtained by rotation, as a whole, of the propyl group of known dimensions 
about this fixed bond Au—C. A scale wire model, in which the rotation could 
be made by hand, was constructed and served in the early stages to show 
{x>sitions of the propyl groups excluded through short intermoleoular dis¬ 
tances, but in the later stages all distances were calculated. In what follows 
(III) is taken as the view of molecule P as seenfrom above in figure 3. Any 
movement of a group in P is, of course, accompanied by the corresponding 
movements in Q, jB, and 8, 

Some of the simpler conceivable molecular configurations may be ex¬ 
cluded at once. If all the propyl groups are arranged m the plane of the 
square there api>ear to bo only two ways of placing them so that each propyl 
group does not interfere spatially with its neighbours in the same molecule 
and both these arrangements give a number of short intermoleoular dis¬ 
tances. With all the propyl groups in planes at right angles to the square, and 
all on one side, i.e. either all above or all below the square, short intermole- 
cular distances also result. Arrangements with all propyls in planes perpen¬ 
dicular to the ring but with some of them above and some below were also 
found to be unsatisfactory, and in particular it appeared that the group 
^ 4 * 6.6 could not be perpendicular to the ring either above or below it. 
Structures were then tried with some propyls in the plane of the ring and 
some perpendicular to it, 5 ^ 3 being therefore one of those in the plane of 
the ring. It then seemed reasonable to suppose that all four gold atoms 
should have a similar arrangement of propyl groups, although up to this 
point this restriction had not been used. The rest of the groups were therefore 
introduced in positions required by this and again some short distances were 
found. Many of the intermoleoular distances were of the order of 3*6 A and 
seemed to show that the groups A 123 , were correctly placed 

above the ring, with their planes perpendicular to it, but that which 
cannot be perpendicular to the ring also cannot lie in the plane of the ring. 
This group must therefore be at some position intermediate between the 

perpendicular and the parallel, and it is assumed that the corresponding 
groups on other gold atoms will be rotated in a similar way. If we start with 
the A 453 group perpendicular to and below the square and then rotate it 
through 30° about the single bond to the gold atom so that atoms A^ move 
towards the gold atom a structure results with no abnormal short 
intermoleoular distances, A complete list of atomic co-ordinates oorre- 
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spending to tiiis is given in table 2 and some intermolecular distances in 
table 3. 

The difficulty of arranging a highly eymmetrioal, but somewhat awkward¬ 
shaped molecule, to give the normal intermolecular distances is no doubt 
responsible for the formation of this complicated and low symmetry class 
structure. 

Table 3. The shorter tktermoleoitlar distances are given below. 
The atoms are named according to the scheme in III (p. 156) 

EACH SYMBOL BEING IN ADDITION PRECEDED BY THE LETTER TO SHOW" 
WHICH OF THE FOUR MOLECULES IS CONCERNED 

Projiyl carbon to propyl carbon diatanoes 


PBt-QB, 

3-92 A. 

PA^-SA^ 

361 

PBt-SC^ 

3-59 

PC^^BBi 

3‘88 

PC^-RB^ 

3-67 

PC,-^RB, 

3-4 


3*65 

PB.-^QCU 

3‘77 


Propyl carbon to nitrogen 
QD,-^PNj, 3-6 

The agreement with tlie (001) projection for the structure may be seen by 
a comjiarison of figures 2 and 3. It will be seen that it is very good except for one 
propyl group which is slightly displaced to the right of the correspond¬ 
ing ridge in the electron density map. The agreement with the other pro¬ 
jections is as good as can be ox|>ected in view of their lesser accuracy. The 
same certainty cannot be claimed for the carbon positions as for those of 
gold but in view of the agreement only small movements of the propyl 
groups about the C—Au bonds can be possible. It is satisfactory to find a 
structure in which the four gold atoms have a similar grouping of propyls 
but it may appear strange that the orientation, relative to the ring, of the 
two propyl grou|)s on the same gold atom should be different. It must bo 
remembered, however, that the central square has no plane of symmetry 
through its diagonals owing to the arrangement of the CN groups; a propyl 
group 123 is nearer to the nitrogen of CN whereas a 466 group is nearer to the 
carbon end, and a priori there is no reason to expect a similar disposition of 
the two propyls attached to the same gold atom. 

The authors wish to express their gratitude to Professor 0. S. Gibson for 
his gift of the material with which the work was done and for his continual 
advice and encouragement. 
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Summary 

Di-n-propylmonocyanogold crystallizes in the orthorhombic system, 
J 7*06, — 22-36, = 10-0 A, space group Pea, There are 16 molecules 

of the formula AuPrgCN per cell. A Patterson analysis and Fourier syn¬ 
theses on (001), (100), and (010), two of these non-centrosymmetric, have 
been made and show that the true molecule consists of four of these units. 
The molecule is based on a square with gold atoms at the corners linke<l by 
CN groups along each side, and two propyl groups are attached to each gold 
atom. The length of the side is found to be 5-18 A in accordance with the 
I , ^ I 

structure —Au—. The four covalenoies of the auric gold atom are 

t I 

at right angles to each other and coplanar, and the bond length is close to 
1-3 A. Although the syntheses are based on eye estimated intensities and the 
structure contains heavy atoms, the general positions of the largely over¬ 
lapping propyl and cyino groups are clearly shown, especially in the centro- 
symmetric projection on (001). Spacial considerations are used to assign 
more definite sites to the lighter atoms in at^cordance with the projections, 
and the 144 atoms of the unit cell have been located. The bonds from the 
gold atoms to propyl groups all lie in the plane of the square but the rest of 
the propyl groups are arranged out of this plane in a complicated way. 
Intermolecular distances are not less than 3-4 A. The low symmetry of the 
structure is attributed to the difficulty of packing an awkward-shaped 
molecule without leaving gaps. 
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Note on the constitution of cyano derivatives of gold 

By Charles S, Gibson, F.R.S* 

{Received 19 May 1939) 


The results of the completed investigation of the crystal structure of 
di-w-propylmonocyanogold make it possible to suggest constitutions for the 
products of its decomposition by long standing at the ordinary temperature 
or by heat which are probably more correct than those already advanced 
(Gibson 1935 , 1938 ). These decomposition products are di-n-propyl- 
dicyanodigold^’ and aurous cyanide. 

Di-n-propyldicyanodigold, an auric-aurous compound, produced by loss 
of half the n-propyl radicals from di-n-propylmonocyanogold is insoluble in 
water and all organic solvents and no information regarding its molecular 
weight is available. It was originally proposed that its structure might 
be that indicated (I) based on the suggested structure of di-w-propylmono- 
cyanogold which has now been shown to be correct. 


Pi**—j^u—0 ~~N ‘'>Au 

III II] 

C N 

ivu-^N =C—lu—Pi'® 

1 .. 


Pr« 

^=N-.iu—Pr« 

i, 


Pr« 

Pr®—ivu—C s N “► Au— -C 

t 
N 
III 
C 

L 

III 

c 

Pr«—lu-.-N sd—An^-N =C-Au—Pr® 

I*!® l»r« 

II 


N 

L 

i 

III 

N 


Such a structure is, however, not in keeping with the linear configuration of 
the two valencies of aurous gold and, bearing in mind the properties of the 
parent substance, with the insolubility of the compound. A suggestion 
maintaining the linear distribution of the two valencies of aurous gold is to 
represent the structure by the planar formula (II). The side of such a square 
would be more than 10 A in length and the square would have an empty 
internal space (approximately square) having a side of about 6-5 A; but the 
presence of such an empty space is most unlikely. 

[ 160 ] 
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Note on constitution of cyano derivoMs of gold 

It seems moie probable that this insoluble oompound has a structure 
which may be represented thus: 

Pr« 

t 

N 

III 

C 

L 

N 

III 

c 

I I 

Pr«—Au-——Cs=N-^Au—Pr® 

N i>r« 

III 

C 

I 

All 

t 

i.e. as a chain (zig-zag) of alternate auric gold atoms (each linked to two 
n-propyl groups) and aurous gold atoms separated from each other by cyano¬ 
gen groups. If this is the case, further loss of n-propyl radicals from this 
insoluble oompound may be expected to result in the production of the 
insoluble aurous cyanide having also a chain (straight) structure, 

Au--C s N A u^C s N Au—C s N Au~C s N Au—. 

It was pointed out some time ago by Professor N. V. Sidgwick that aurous 
cyanide may be expected to have a similar structure to that of silver cyanide 
which has been shown to have a straight chain structure (West 1935). 

The simplest organic (methyl) compounds of gold have now been pre¬ 
pared (Brain and Gibson 1939) and the cyano derivatives of these if suffi¬ 
ciently stable will be more suitable for X-ray examination than either the 
corresponding propyl or ethyl compounds. 
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Stress systems in aeolotropic plates. I 

By a. E. Green, Ph.D., and G. I. Tayiok, P.R.S. 

(Received 22 June 1039 ) 

Inteoiktctiok 

L The diBtribution of stress in sheets of uniform aeolotropic material 
has been discussed by Miohell (1900a). In particular, he gave the solution 
of the elastic equations for an isolated force acting at the edge of an aeolo¬ 
tropic plate and at the vertex of an angle cut from such a plate. In these 
cases the solution is very sinifde because the stress turns out to be purely 
radial. When expressed in polar co-ordinates the stress components rO and 
^ are zero, and this is true whether the material is isotropic or aeolotropic* 
Several examples of the stress systems due to loads distributed along the 
edges of aeolotropic plates and disks have recently been published by 
Wolf (1935), Okubo (1937, 1939) and Sen (1939). The method of solution 
which is used in these examples differs from that used by Micihell in the 
paper referred to above but is related to that used by him in a subsequent 
paper (19006), in which he shows that the differential equations in three 
dimensions for stress and strain in an aeolotropic material possessing elastic 
symmetry equivalent to that of a crystal of the hexagonal system, can be 
expressed in the form 

/a® , an,, 

/ 0 * 0 * , 0 »\„ „ 

where and A, are functions of the elastic constants, Vi and are functions 
of the components of strain, and the body is elastically symmetrical around 
lines parallel to the axis ofy. A particular case which is included in Miohell’s 
analysis is that of an aeolotropic sheet parallel to the plane 2 = 0 when it is 
subjected to a system of generalized plane stress. His equations can then 
bo reduced* to a single equation 

/ 0 * 0 «\/ 8 * 0 *\ 

for the stress function x> where and a, are functions of the four elastic 
constants for this type of symmetry. Wolf (1935), Okubo (1937, 1939) and 

* The algebra reqtiired for the reduction is long and it is easier to obtain the 
equation for x independently. 
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Sen (1939) use an equation of tJjis type but limit their analysis'** by assuming 
that the elastic constants of the material with which they are dealing are so 
related that either or cc^ is equal to 1. 

The above stress distributions in aeolotropic sheets can be discussed 
without reference to the displacements. When a force is applied at an 
internal point a purely radial distribution of stress corresponds with a dis¬ 
tribution of displacement which is not single-valued. Michell (1900a) shows 
how to find the particular distribution of stress which corres])onds with 
single-valued displa(?ements but he only comidetes the solution in the case 
of an isotropic sheet. 

Equations which can be used for a system of generalized j)lane stress in 
a plate whose material has any kind of aeolotropy have been obtained 
recently by Huber (1938), When the material has two directions of sym¬ 
metry at right angles in the plane of the plate the equation for the stress 
function reduces to the form given above. In the present paper solutions 
in polar co-ordinates of this equation are obtained which give single-valued 
expressions for tlie displacements, and these solutions are applied to com¬ 
plete the discussion of Micheirs problem of an isolated force acting at an 
internal point of an aeolotropic ])late. The corresj)onding stress distributions 
in certain highly aeolotro})ic materials such as oak and spruce are represented 
by polar diagrams. 


Fitnoamkntal equations 

2, The analytical expression of Hooke’s law in an aeolotropic solid body 
(Love, 1927, § 72 ) ynll be taken, in matrix notation, to be 


II 

s 

J 

(^11 

^12 

'^13 

«14 

‘^16 

» i $) (*a:, ^/, 55, yz , zx , xy ). 


’^21 

'**22 

^23 

^^24 

^25 

^20 

i 


•^31 


^33 

*^84 

^36 


1 


^41 

^42 

^43 

•^44 

^45 

<5^46 j 

1 

i 

•^51 

*^52 




^50 

1 


i 

'^01 

’^62 

^63 


^05 

^68 i 



where s^f - < = I, 2,... 6). 

♦ An even more drastic assumption is tnade by Wostergoard (1938) in extending 
BoU8sinesq*a tliroe-diinensional investigation of tho stress in an isotropic material 
caused by a vertical point force acting on a horizontal plane boundary to a special 
aeolotropic material in which horizontal planes are inextensible. Michell (19006) 
gives the more general solution of Bcmssiiiesq’s problem for an aeolotropic material 
which is isotropic in horizontal pUmes but not necessarily inextenaible. 
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Attention ig now confined to a plate of uniform thioknegg in the (ar,y) 
plane, the normal to the plate being in the direction of the ai-axis. The plate 
is assumed to be in a state of generalized plane stress in which the stress 
component zS vanishes everywhere, and the components and ^ are zero 
at the two surfaces of the plate. Then, from (1), the relations between the 
rae/m values, taken through the thickness of the plate, of the stresses and 
strains in the (x, y) plane, are 


^XV = + ‘^66 * 


and the mean stresses can be expressed in the form 






( 3 ) 


where x is ^ stress function. By inserting the expressions (2) and ( 3 ) in the 
identical relation 

dx^ dy^ dxdy' 


the following equation is obtained for x- 




+ Sw) 




, — 2 «, 




dx^ dy^ dx dy^ ^ dy^ 


? 4 - 0 . 


{*) 


This is equivalent to the equation given by Huber {1938). 

When the material of the plate has two directions of symmetry at right 
angles in the (x^y) plane and these are taken to be parallel to the directions 
of X atid y, then 8 ^^ = — Q and equation ( 4 ) becomes 

/d^ d^\/d^ 0a\ 


where ^iOC2 — ®n/^g2» oci'j-oc^ — ^^i2)/^22' (^) 

The constants and may take real or imaginary values. It will be sup¬ 
posed here that and are real and positive as this is the case for a large 
number of materials including those materials for which numerical results 
are given in this paper. 






Fundamkntal stress functions 

3 . Three sets of plane polar co-ordinates are now introduced by the 
equations 

rr + iy = x -h iylct\ = c*^‘, x -f- iy/a| ~ (10) 

Then the fundamental solutions of ( 5 ) which are of order n are 

co8w6^i, sin 716^2. (II) 

In order to find the displacements which oorrespond to these stress functions 
it is convenient to deal with the stress function 

X- + (12) 

where a stands for either or a^. The real and imaginary parts of % give 
the stress functions (11). From (8) and ( 9 ) the corresponding value of ^ 
is found to be 

\jr = i(a"*-ai)(a; + iy/a*)^'‘, ( 13 ) 

and so the expressions ( 7 ) for the displacements are single-valued when n 
is an integer. 

If w = 1, the only surviving distinct and significant solutions are 


oos^l sin 01 cos 0a sin 0^ 


( 14 ) 


11 '2 
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the Bolutions rjcos^i, rgcos^g, f2sin02 being trivial as they give 

zero stresses. It can easily be seen, however, that further solutions of ( 5 ) 
are given by 

x' = at X log ri - yQy, x" = V log + atx^i, ( 15 ) 

with similar expressions containing the suffix 2. The values and of 
\/r which correspond respectively to and x ' ^-re found to be 

= {oii-a V = - (a* - ar‘) A:'. ( 16 ) 

and hence if v* and n"*, v*' are the displacements corresponding to 
and respectively then u' and v" are single-valued but v!\ v* are many¬ 
valued and of the form 

'M ~ ^ (®12 ^1^22)^!* (1*^) 

If stress functions are restricted to those which give single-valued stresses 
and displacements, then by combining functions of the type given in ( 15 ) 
the following stress functions of order 1 are obtained, in addition to those in 
( 14 ): 

(^i* - a2«22) (alx log ri - yd^) - - a^Sga) {otix log rg - yO^), ( 18 ) 

and (Sja- (<^z^V log ^z + ^(^z )“* (^X2- ^iHz) (^1*2/log( 19 ) 

The only significant functions of zero order which give single-valued 
stresses and displacements are 

logrj, logra, 6^, 0^, r\, r^. (20) 


Expansions in ponAR co-ordinates 


4 . In a future paper it is hoped to apply the above stress fimctions to 
problems of stress systems in |>lates containing circular holes, and for this 
purpose it is necessary to express the functions in terms of the plane polar 
co-ordinates r, 6 . The required expressions will be given here for reference. 

After a little straightforward reduction, the equations (10) give 


(1 + 7i) ^ + 7j) 

r,' ” r(l+7ie2^^)’ ‘ ^ (1 


( 21 ) 


71 “A-(/??-!)* {/?>!). 

“i“ 1 

7 i»A + (/??-1)* ,(/»<-!), 


whore 


( 22 ) 
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with similar expressions which are obtained by changing the suffix 1 into 2. 


fiin&i fiinO CO /*» 4 . jD ^ 1 \ 

Hence 7^-= “7^(1+ri)” S ( . ( 23 ) 

since 1 7i | < 1, and 

+ ... + 1 j (ykn-x^^d ^ ^ ©^en), 

== f ^ yJ^ ^~ind y«—1 g—t(/i—2)^^ 

+... 4- J (7}<«-i>c^^ + 7H«+i>e-i^)| 

(24) 

where (^| is the binomial coefficient ^ Also 

\s J ^s'!(n —^)! 

log iOj^ ~ log r ~ - log (H- 7i) + 2 " " ^ ( 25 ) 

Expansions for the fundamental stress functions in terms of r and d are 
obtained by separating the real and imaginary parts of these expressions. 
The stresses are then obtained from the usual formulae 


f5.= H): 

r dr ' 


d/ldx] 
'dr{rW/’ 


Isolated force in an infinite plate 
5. Consider the stress function 

which has been shown to give single-valued stresses and displacements 
although it is not itself single-valued. The corresponding mean stresses are 
given by 

2n(ac, - a.) 

' ^ *' ®* al(a:*-f-y*/a,) a|(a:* +//aj) 

o_/_ «>_(fij —“2*22)^^ , (^i*~“i£a*)^y , 

2 rr(ai ai)8^xy - + /»!?*»-L« 27 rt<-i ’ I 


2rr(ai-a*)«„^ 


ai(a:* + y*/«i) «!(**+^^Me) ’ 

ci\{^n- ci.%S z%)Px «|(Ji 2 -«i < 22 )jP* 
x^'+y^ai x^+y*lat 


(28) 
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Resolving the forces on a circular boundary r = constant in the directions 
of the x~ and y-axes gives 


fx = xJ cos 6 ^-f iry sin ry = xy co^d -\~yy mx 6 . 


( 29 ) 


If then X, Y are the total average forces per unit thickness applied to this 
circular boundary by the material outside, 


X 


* 1 i 7 r 

= f 
Jo 


TX T (IS = — P, 


I TyrdS = 0 . 
Jo 


(30) 


Also, this set of forces has no moment about the origin. 

If these forces are reversed it will be seen that the material inside the 
circle applies to the material outside the circle a force P in the positive 
direction of the a:-axis. 

In polar co-ordinates the stresses ft and rO are found to be 


rr 


P cos 0 I a|(«i2 ■*“ *^2 ^22) (a j — 3 - {oci — l)cos 20 } 


and 


2n(a^ - ^ 22 ^ I «! + 1 + (a^ - 1) cos 2& 

^2(^12 — ^22) {^2 ^ (^2 1 ) 26 ^} 

H-(a2 —l)cos 2 d 


)■ 


(31) 

(32) 


6 , Similarly, it may be shown that a force P in the positive direction of 
the y-axis is given hy a stress function 


27 r(ai-aj)«M' 


which produces single-valued stresses and displaoements. The corre¬ 
sponding values of fr and rd are 


rr 


— P^i^O I ~ <3^1 ^>2) { 3*^1 — 1 + («i — 1 ) cos 20 ) 


2 rr(ai-a2)«2gr 


r 0 


P cos 6 


2ff(ai-aa)«2a’' 


aj-f 1-H(ai-1)COB20 

{ 3 <=t a - 1 -f ( a, - 1 ) co s 20 } 
aa-I -1 + (aa — 1 ) cos 26 * 

“ *i*m) “■ * 2 *(*i 2 ~ “2*22)}* 


)• 


(34) 


(36) 


The stresses due to an isolated force in an isotropic plate can be obtained 
from the above results by taking the limit as aj-^ag-^ 1 . 
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7 . As examples, the stress distributions due to an isolated force at an 
internal point of a sheet or wide board of oak and of spruce have been 
evaluated numerically. These materials were chosen because they possess 
a very high degree of aoolotropy. In the case of spruce, for instance, Young’s 
modulus for the direction of the fibres is 26*4 times as great as for the trans¬ 
verse direction while for oak this ratio is 5 * 9 . The sheets are in each case cut 
parallel to the grain of the wood. The direction of the fibres (which are 
parallel to the core of the original tree trunk) is taken as the axis of y. With 
this orientation of the saw^ cuts the axis of x is in the direction which is 
perpendicular to the fibres and also to all lines which pass through the 
central core of the tree. The values of the elastic constants are taken from 
a paper by Horig (1935) and tliey are reproduced in table 1, together with 


C)ak 

Spruce 




Table 1 




^11 


®12 



02 

10*15 

1*72 

-0*87 

12*8 

5*321 

1*109 

16*5 

()-587 

-0*33 

n -5 

16*91 

1*56 


Table 2 . 

Vai^ubs 

OF (r/P)fr 




= 

1 



Spruce 



0^ 

P parallel 

P fwrpendicular 

P parallel 

P perpendicular 

to grain 

to grain 

to grain' 

to grain 

0 

0*443 

0*183 

0*718 

0*140 

10 

0*390 

0*182 

0*483 

0*139 

20 

0*287 

0*182 

0*246 

0138 

30 

0*199 

0*183 

0*137 

0*137 

40 

0*137 

0*183 

0*0850 

0*137 

50 

0*0963 

0*183 

0*0558 

0*143 

60 

0*0644 

0*179 

0*0368 

0*157 

70 

0*0401 

0*161 

0*0227 

0*178 

80 

0*0193 

0*106 

0*0109 

0*171 

85 

— 

0*0570 


0*113 

88 

— 

0*0234 

— 

0*0496 

90 

0*0 

0*0 

0*0 

0*0 


For an isotropic material whose Poisson's ratio is 0*25, 

rrr/P = 0*259 cos 6^ 

and = (0*0597) sin 6?. 


The values of 


rrd 


, where 0 is measured from the direction of the force, are 


0*0375 

0*0910 

0*0264 

0*130 


when the force is parallel to the grain 
when the force is peipendioular to the grain, 
when the force is parallel to the grain 
when the force is perpendicular to the grain. 


for oak, 
for spruce. 
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the corresponding values of and ag* 1 ^^ I'h® spruce Horig uses the 

measuTCments of H. Carrington and in the case of oak those of J. Stamer 
and H. Sieglerschmidt. Complete references to these are given in Horig’s 
j?aper (1935). The inverses of the constants measured in kg^/sq. 

inm., 1/^22 Young’s mod uluses along and transverse to the 

grain of the wood* 

The formulae ( 31 ) and ( 32 ) give the stress distribution due to a force 
which is perpendicular to the grain, and the formulae ( 34 ) and ( 35 ) give the 
stress distribution due to a force which is parallel to the grain. The values of 
rfrjP are shown in table 2 for values of 0 between 0“ and OO’^, 0 now being 
measured in all cases from the direction of the force. Owing to the sym¬ 
metry of the problem the stress distribution in the other three quadrants 
may be obtained from that in the first quadrant. 

The stress distributions due to an isolated force in a sheet of oak and a 
sheet of spnuje are showm in figure 1, 


Discussion or stress dtstributions in woon sheets 

8. A force acting at a point of a sheet of spruce, in the direction of the 
grain, produces a high stress along the radii which are nearly parallel to the 
grain but very little radial stress in directions which differ from this by 
more than about 30 °. At the same time the radial-tangential stress r 6 is 
extremely small, its maximum value being only 0-0368 of the maximum 
radial stress. This may be compared with the corresponding ratio 0*231 for 
an isotropic material whose Poisson’s ratio is 0 * 25 . When the force is applied 
perpendicularly to the grain the radial stress fr is not a maximum in the 
direction of the applied force, being greaU^st at an angle of approximately 
75 ° with this direction and therefore more nearly in the direction of the grain. 
In this case tlie ratio of the maximum shear stress to the maximum radial 
stress is very much greater than in the previous case, being about 0 * 764 . 

The results for oak are of a similar nature but as oak is not so highly 
aeolotropic as spruce the effect of the gi‘ain is less striking. 

As may be seen by comparison of the constants for oak and spruce in 
table 1 the main element of aeolotropy in thesis materials lies in the great 

difference between and«22* The ratio ^ 

Young s modulus across the gram 

which is and is therefore 1*0 for isotropic materials, is 26*4 in the case 

of spruce, and 5*9 in the case of oak. 
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FiGirBE 1. Polar diagrams showing radial stress rr and shear stress Radial 
distances give 

(laj (r/F) rr, P acting parallel to the grain 1 

(l d) {rlP)rd, P acting parallel to the grain' 

(Ic) (r/P) P acting perpendicularly to the grain! 

(If) (rlP)rtf, P acting perpendicularly to the grain/ 

(lb) (r/P) rr, isotropic material (cr = 0*25), 

(le) (r/P) rO, isotropic material (cr = 0*25). 


The diagrams 2a, 2(;, 2d, 2f represent the corrtjsponding stresses for spruce. To 
facilitate comparison the diagrams for an isotropic material are included with both 
those for oak and those for spruoo. 
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Summary 

Equations which can be used for a system of generalized plane stress in 
a plate whose material has any kind of aeolotropy have been obtained 
recently by Huber. When the material has two directions of symmetry at 
right angles in the plane of the plate the equation for the stress function 
takes a comparatively simple form. In the present paper solutions in polar 
co-ordinates of this equation are obtained which give single-valued ex¬ 
pressions for the displacements, and these solutions are applied to the 
problem of an isolated force acting at an internal point of an infinite aeolo- 
tropic plate. The stress distributions duo to such a force acting at a point 
of certain liighly aeolotropic materials such as oak and spruce are represented 
by polar diagrams. 
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{Communicated by O.L Taylor, F.R.S.—Received 22 June 1939 ) 

Iktroduction 

1. Fundamental equations which can be applied to problems of genera¬ 
lized plane stress in any plane plate of aeolotropic material have been 
obtained by Huber {1938). When the material has two directions of 
symmetry at right angles in the plane of the plate the differential equation 
for the stress function simplifies, and in a previous paper by G. I. 'faylor 
and the present witor {1939) ^ number of stress functions were obtained 
which satisfied this equation and also gave single-valued expressions for 
the mean values of the stresses and displacements. Some of these functions 
were used to solve the problem of an isolated forrje in an infinite plate. 

In the present paper formulae are obtained for generalized plane stress 
systems in an infinite aeolotropic strip and also in a semi-infinite plate 
which is bounded by one straight edge. In particular, a solution is given 
for the general problem of any force acting at any point either within or 
on the boundary of a strip or semi-infinite plate. The stresses due to any 
distribution of force over the strip or semi-infinite plate may be deduced 
by integration. 

The method of solution is similar to that used by Howland (1929) for 
stress systems in a strip of isotropic material and Howland’s results may 
be obtained from our general formulae by a limiting process. 

When a force acts on the boundary of a semi-infinite plate the stresses 
may be deduced from our general results. It is, however, easier to evaluate 
these stresses independently by considering the problem of an isolated 
force at the vertex of a wedge. This problem was actually solved by 
Miohell (1900) for any aeolotropic plate whose moduluses are not functions 
of the distance from the vertex of the wedge, but wo give a solution here 
using the methods and notation of this and our previous pai)er. For the 
case of a wedge with one straight boundary the results agree with those 
deduced from the general formulae for a force in a semi-infinite plate. 

Fukdamektal equations 

2. We consider an elastic aeolotropic plate whose material has two 
directions of symmetry at right angles in the plane of the plate. The axes of 
X and y are taken to be parallel to these directions and the as-axis will then 
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be normal to the ])late. The plate is imagined to be in a state of generalized 
plane stress in which the stress component » vanishes everywhere and the 
components £z and ^ are zero at the surfaces of the plate. Then the mean 
stresses are given by 





0 x*’ = 


( 1 ) 


and the mean valuer of the stresses and strains are related by the equations 




( 2 ) 


where for convenience A, B, C\ 1 ) are written for the more usual elastic 
constants respectively. The stress function y satisfies the 

boundary conditions and the equation 


/ a* 

a*\ 

/ 0* \ 

\ax* 




( 3 ) 


where 


A I)^ 2 C 

OC^OC^ CCi‘hOC2 • 


( 4 ) 


As in our firevious ])aper we confine our analysis to the cases when and 
ag aie real and positive. 

The mean displacements u and v are given by 




where i/r is to be found from the ecpiation 


dxdy 


V?y. 


( 6 ) 


with the additional restriction that 




sv 

ay* 


(l-a,)(l-aij) 


dxdy " 


( 7 ) 


Steess systems ns an infinite stbip 

3. In this section we consider an infinite plane strip of elastic material 
whose edges are parallel to one axis of symmetry and are given by the lines 
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y — ± and we construct eight speoia] forms of stress functions from which 
can be built up a solution satisfying arbitrary conditions of normal stress 
and shear on the boundaries. The method is similar to that used by Howland 
(1929) for stress systems in an isotropic strip. 

It will be found convenient to use the following abridged notation: 


. , mb 
a, = sinh 3 , 

. , mb 
S9 — smh i , 

. mb 
c. = cosh 7, 

a* 

, mb \ 
Co = cosh ~ ., 

* ai 


tr • U 

= Sinn — r, 
a\ 

tt ■ 1 

02 = sinh ^ ^ , 
ccl 

n 1 "‘.V 

C, = coaJi , 
a} 

C'j = cosh”-^, 

ar 

( 8 ) 


2* — C 2 , 2 ~ cXjfVjC 2 “ txl.SgCi. 


The function x — “• C's) 

which is even in both x and y and is a solution of ( 3 ), satisfies conditions of 
zero shear on the edges y — ±by K being a constant. Provided the integral 
converges, a more general solution is 

= I ( 9 ) 

J 0 

To obtain a given distribution of normal force over the boundaries we have 
to make 


<^>i(x) being a specified function. This requires that 

</)i{x) = — m^Z!f(m) cos mxdm, 

Jo 

and an appropriate solution of this equation is 

2 

f{m) = --^avjo 


(JO) 


( 11 ) 


Thus, the solution for ;)^;i becomes 


y _ ?r *l?l.^l>_^i^*^icosma:dr« f ^^{u)oo&mudu. (12) 

?rJo Jo 


The formulae for the displacements will not be given here but if they are 
needed they may easily be calculated from equations (6) and ( 7 ). 
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Proceeding in this way, we find the following eight solutions, of which 
the first is the on© already obtained and is repeated to make the list 
complete: 


I. X ^ y* 

(a) xy — 0, ^ = ^li^) when p ±b. 

'ixIs^C\-ol[s2 C\ 


Xi 


_ 2 p 
*” njo 




cos mxdm I (j>\{'(i) oos mudu . 


(6) ^ = 0, xy === ^ 2 (x) when y b; 
yy xy = - f^{x) when y =--b. 


a:2 


^ 2 a\c 4 p 

TT Jo 


m 


ar 


*/>■' 




(13) 


coam^rfm i// 2 {u)Hmmudu. 


(14) 


II. X ** y- 

(a) = 0, ^ = ^8(a;) when y = 6; 

= 0, yy =‘ - ^aix) when y = -6. 

2 f“airj(S„ —atc,<Sii > f“’ , . . 

;\;3 — ■- *co8?»a;amJ ^^(u)coamudu. 

(b) ^ - 0, when y - ±b. 

2a\xi f *-Vi <S^,, - <S'i , f" / , . • . 

-‘coswiajiim j ^(^^('m) sin wmrfw. 


(15) 


(16) 


III. X ^ y- 

(a) ajy = 0, ^ = ?55(a:) when y ±b. 

2 /’*ai«iC 2 -a}< 9 g 6 \ 


Xi 


_ 2 r« 
^rjo 




‘sinmardm 


^ 00 

Jo 


sin mudu. 


(b) yy = 0, xy = f^{x) when y = 5; 

^ = 0, = — »/^ 9 (a:) when y ^ - b. 


(17) 


2a|ai r*c,C',-c,<78 . j , , v 

1^ ff,(u)co»mudu. (18) 
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IV. X ^ y* 


(a) fjf = 0, ^ = 5^7(0:) when = fe; 

fy = 0, ^ — {47(;r) when y ^ —b, 

2 r«^aiciiSf2^a}c2>S, . , ^ ^ . 

ssi ^ j mxam J P7(w) smmwau. 


( 19 ) 


(b) yy = 0, xy — ^%{x) when y = ± 6. 

2a\ai ^ , , , 

wJu) coBmudu, 

TT Jo m*Z J 0 


( 20 ) 


A suitable combination of the above stress functions will give the solution 
for any arbitrary distributions of normal force and shear over the edges of 
the strip, provided all the necessary conditions of convergence are satisfied* 
A general discussion of convergence will follow the lines of that given by 
Howland (1929, p. 95 ) for the isotropic case, but we will confine any dis¬ 
cussion to the particular jjroblerns which follow. It is interesting to notice 
that if we consider the limit of the above formulae as 1 then we 

obtain Howland’s results. 


Solution for an isolated longitudinal force 

4 . Suppose that a force P acts at the point (0, y) in a direction parallel 
to the positive direction of the x-axis. If the plate extended to infinity in 
all directions, the solution (Taylor and Green 1939) would be 


where 


n = {a:* + {y- vflctiY , ra = {x* + (y - 


tan6>j = 

^ /¥» 'r 


tan ^2 = 


y-v 


OLlX 


The corresponding stresses are 


P(C~a, 5 )x 

2 n{x,-a,)Bx.x^ ..-. ^ . 

o ! \ Poi\(C-a.2B)x Pa\{C-aiB)x 

2 n{a^-!ii)Byy= A' *.. ^ 

'1 ^2 

_P{C-<x.iB)(y~y) P(C-a^B){y-7j) 


a\r\ 


afrf 


( 21 ) 

( 22 ) 


( 23 ) 


2 n{ai - Og) Bxy 
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In order to obtain the solution for the strip we must annul the stresses along 
the edges y = ± 6. To do this we put 

where to ;\'8 given by equations ( 17 )-( 20 ) with the following values 
for the functions: 




a, x^ + hii 




where 


I i 

4 ’ 

\a:* + 

x* + 6|/ai/J 

1 

L \ 

f- 6f/ajj X* 

+ 6|/aJ 

/ i 

1 \1 

\ X* + 6f/a, 

x*-f 6|/a,/J 

*1 

6* \ 

^bflxi x^-hbl/aj 


+,_A^ 'll 

__ 

\x* + 6f/aa 

^x* + 6|/a,;J 

fh 

h \ 

+ 6f/ai x* + /)|/ai/ 

/- -^1 - 

«! 

lx* + 6?/a, 





u 

Using the results - i^mumudn = lire: 

Jo 

p i j mr^ 

id „ cos mu du == —— , 

Jo 2tt 


and 

we may now write 


/*oo p 

J 94 «(m) sin mudu = {X^ + X^), 

jy^u)mnmu.lu . 


r® p 

1^ i/r^{u) cos mudu = + 

r* p 

J^ COB mudu = g{A- 








where 
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Xi = al^{C — aiB)ex^{ — mbJal) — a\{C — oi 2 B)exp{ — mbila\),'' 
X, = a|(C — cty B) exp (— mbjal) — aJ(C — aj B) exp (— inbja\), 
X[ * (C — (X, 2 B)exp{ — mbja{) — {C—aiB)exp(—mbi/a^), 

X'2 = (C-aaJ8)exp(-w6g/aJ) —(C—<Xi 5 )exp(—m62/aj). ; 

Substituting in the formulae for Xs to Xs we have finally 


Xi = 
Xe = 


X 7 = 

X» = 


P 

47r(ai — aj) B 

47 r{ai — a^) J 3 
P 

4 n(oc.^-oc 2 } B 

Pa-Wi 

47r(ai — 0 . 2 ) B 


I 

/. 

I 

I 


““ ixf iSu / XT XT \ * t 

■ ^ ^ 22 ^ ' ” —^ 1 ^ 2 ) ^xdm, 

j 4. X2) ainmxdm. 


^ <x|Cj ^2 — a jC2 

m^r 


{Xi — X3) sin mxdm, 


(-Xi — sinwia: dm, 

0 


( 34 ) 


and the complete solution is given by these, together with ( 21 ) and ( 24 ). 
There is convergence at both hmits in all the integrals except Xn which 
diverges at the lower limit. The divergent term, however, is a multiple of *, 
and such a term is trivial as it gives nothing to the stresses. 

By the same Uiniting process as that used by Howland (1929, p. 100) it 
can easily be seen that when a; -> + 00 the stresses xy and ^ tend to zero, 
while 


“ 46 ^ W */■ 


There is thus at +00 a total thrust JP and at —00 a total tension JP. 
There is also a bending moment - J Pi/ at + oo and JPi/ at - 00. 

As explained by Howland (1929, p. 101) if we require the applied force to 
lie balanced by stresses at infinity in one direction only, we must add a 
stress function 

which gives stresses 

If Jg is added to x> the stresses at « = + 00 are removed and the applied 
force is baJanoed by stresses at a: =« - oo alone. 


Vol. t7S. A. 


X2 
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An isolated tbansvbbsb fobcb 

6 . A force P, acting at ( 0 , rf) in the direction of the j^-axis, will produce 
a stress system in an infinite plate given by the function 

+ ( 36 ) 

where r^, r^, ( 9 i, 6 ^ are defined as in ( 22 ). This gives for the stresses 

a|ri air® 

2 n(<x, - a,) P# = M-, (36) 

2n{a^ - a,) Pi^ = 

a}r* ajr| 

To obtain the solution for the strip, we take 

X = Xo + Xi + X* + ;V 3 + X 4 . ( 37 ) 

where Xi to Xt, are given by eqyations ( 13 )-( 16 ) with 

a,) (i* + 6j/«,~ 

p r i 'Y V ' 


47r(ai - ^3^2) I 


47r(ai-a^) JS| 






Stress systems in aeoU^^opic plates 

Again using the results of ( 30 ) and ( 31 ) we have 

J" ^.(») OM - 5 (Sr ^)-2 

r* p 

J ^ (S>a(u) cos mudn = + ^2). 


where 


j: 

J, 


fi{u)s.mmudu = ^i)> 

p 

ir^{u)mimudu = orr—;;rp(^i+ ^i)> 
0 “(<*1 — a*) -o 


Fj = (C-aa£)exp(-m6i/a|) —(C—aii?)exp( —m6j/a}), 

Fj = (C — aj B) exp (— mbja{) — (C — atiB) exp (— mbjix{), 

Y[ = (x^*(C-a.jiB)exi)(-mbJa^) — ai^(C — aiB)ex]^( — mbJa[), 
Fj = ap(C-a2B)exp(~mb2/ix^) — ociHC—(XiB)exp{ — nUtJa{).j 

Hence the four component stress functions are 


Xi^ 

X2 = 

Xi = 
X 4 = 


f * ais, C. — a} C ,, v w t 

aa) H J 0 


47 r(aj 

_r 

47 r(ai-aaji?J( 
aa)H/, 


47 r(ai 

PataJ 

iniaci-aiijB 


0 --^g;^^^Fi-FJ)co8mxdm, 

^^2^1 ^2 ^ 2 ^ 1 /XT , v\ J 

^ -8. J ^ ^ ^^(7i + ra)cosmxdm, 




w*r 


- (FJ + Fi) cos mxdTO. 
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( 39 ) 


( 40 ) 


( 41 ) 


Of these, ;ti> Xt Xt *^0*^ convergent at the lower limit; but, except 
for a multiple of y which is trivial, convergence may be secured by sub¬ 
tracting stress functions which do not affect the stresses on the boundaries. 
The divergent part of is a constant and is trivial, and Xs and x* converge 
at both limits if we take 


Xt 

Xi‘ 




4 n(ai 

Fai 4 p __ 

47 r(aa-a,)i?Jo \ m*£ 


oo»mx- 


y(y*-6*)hy, , y,x 


( 42 ) 


13*2 






182 


A. Ei Green 


We thus have a solution which is valid for finite values of x but the stcesaes 
tend to infinity with x. For we have, after some reduction, 


X3 + X4 — 


Py{y* —36*) |*“1 —cosma: 






TO* 


dm 


86 » 


y{y»-Bb*)x. 


This corresponds to a stress system 


XX ~- 


ZPxy 
46 » ’ 


yy ~0, xy 




Int»egrating acrosB the strip, we have at any section a total shear — and 
a bending moment — ^Px which tends to infinity with x. For an explanation 
of the physical meaning of this the reader is referred to Howland (1929, 
p. lOfi). 


Stress systems in a plate bounded by one straight edge 


6. We now consider a semi-infinite plane plate of aeolotropic material 
which is bounded by one straight edge j/ = 6, this edge being parallel to one 
axis of symmetry (the x-axis). In this case we have four special forms of 
stress function from which can be built up a solution satisfying arbitrary 
conditions of normal stress and shear on the boundary. 

The function 

/: — f{m) Q>o%mxdm, ( 43 ) 


which is even in x and is a solution of ( 3 ), satisfies conditions of zero shear 
on the edge y^h and also tends to zero as —00. To obtain a given dis¬ 
tribution of normal force over the boundary y ft we have 

p 00 

^i(x) — — TO*(aJ —ai)/(TO)co8TOa:dTO, (44) 

Jo 

and an appropriate solution of this equation is 

Thus, the solution for ;n;i becomes 

’f'' --0O8«r*»J^ ^Moo^muiu. 

( 46 ) 
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Proceeding in this way, we find the following four solutions, of which 
the first is the one already obtained and is repeated to make the list com¬ 
plete: 


I. X 

(a) » 0 , ^ when y = 6 

2 _ 

- 4 )j 0 




n(a\ 


* * '--coswzrfm co&mudu. 

Jo 




Xt 


{b)yy ^0, ^ = i/r^ix) when 1 / = 6 . 
2 a\a\ { ® 

7r{ai-a|)Jo m* 


(47) 

^00 

-COS tnxdm] 

J 0 


II, X 

[а) xy = 0, yy=^ ^^(x) when y=^b. 

- m- ..^.(.)«n»»d.. 

(49) 

(б) ^ = 0, *y = ^ii^) when y = 6. 


a :4 


2aJ a| r * 




?Lf 




sin fnxdm 


/•oo 

Jo 


ooamudu. (60) 


An isolated force parallel to the boundary 

7. Suppose that a force P acts at the origin parallel to the positive 
direction of the x-axis. If the plate extended to infinity in all directions the 
solution would be given by equations (21), (22) and (23) if we take 7 = 0 . 
In order to obtain the solution for a plate bounded by one straight edge we 
put 

X = Xo+Xz+Xi> (51) 

where Xx Xa given by equations (49) and (50) with the following 
values for the functions; 

W ' “ 2ff(aj - a*) JB 1_ x*+6*/aj x*+6Vai J’ I 

Pb r <7-0,5 C-a^B 1 I 
*271(01-0,) 5L^'+Wai”) 


( 62 ) 
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Using the results ( 30 ) and ( 31 ) we find, after a little ealoulation, that 

Jo ^ 

X {a.\{C - aj B) - a\{C - B)c-^/“»*} sinmardm, (63) 

and («! - atj) (af — a|) BxJP = aJ a| J ~j |e»n(»-6)/*i* ~ 

X {(C - a^B) e-™*/*i* — (U - j5)e“^^“»*}sin mxdm. (64) 


Table 1 


xfb 

bxxJP 

Grain parallel 
to edge 

b^i/P 

Grain perpendicular 
to edge 

feSii/P 

Isotropic case 

0 

0 

0 

0 

0*01 

0*00036 

0*00186 

0*00169 

0*05 

0*00181 

0*00787 

0*00784 

♦ 01 

0*00356 

0*00833 

0*0150 

012 

0*00421 

000571 

0*0176 

0*146 

— 

0 

— 

0*2 

0*00667 

-0*0184 

0*0247 

0-3 

0*00862 

-0*0629 

0*0267 

0*4 

0*00936 

-0*106 

0*0170 

0*5 

0*00867 

-0*138 

0 

0*6 

0*00623 

-0*161 

-0*0227 

0*7 

0*00241 

-0*176 

-0*0482 

0-76 

0 

— 

-0*0611 

0*9 

-0*00908 

-0^187 

-0*0979 

1*0 

-0*0163 

-0*187 

-0*119 

1*2 

-0*0327 

-0*181 

-0*163 

1*6 

-0*0692 

-0*166 

-0*181 

2*0 

-0*101 

-0*140 

-0*191 

2*5 

-0*134 

-0119 

-0*182 

3*0 

-0*168 

-0*102 

-0*167 

4*0 

-0*182 

-0*0706 

-0*189 

50 

-0*187 

-0*0646 

-0*116 

6*0 

-0*183 

-0*0643 

-0*0997 

8*0 

-0*163 

-0*0411 

-0*0768 

10*0 

-0*143 

-0*0330 

-0*0623 

16*0 

-0*106 

— 

-0*0420 


Except for a term in x in ( 63 ) which is trivial, these integrals converge at 
both limits. It will be found more convenient to evaluate the integrals 
which occur in the corresponding expressions for the stresses. 

In particular, the stress SSti on the boundary is of special interest and may 
easily be obtained from (21), ( 61 ), ( 63 ) and ( 64 ). After some reduction we 
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For the oaee of an isotropic material when 1 tibis becomes 

xx.^ ^(trb*—x^) 

P xr^a;*H-6®)* ’ 


( 66 ) 


where er is the ordinary Poisson’s ratio (i.e. not the Poisson’s ratio which is 
usually associated with generalized plane stress). 



Fioitric 1. Curve I, grain parallel to edge; curve II, inotropic case; 
curve III, grain porpondioular to edge. 


The stress xxi has been evahiated numerically for a specimen of spruce 
wood for the two oases when the grain of the wood is parallel and perpendi¬ 
cular to the bounding edge. The values of the elastic constants which are 
used are taken from a paper by Horig ( 1935 ) and are 

^«16-6, J5=*0687, C = -0-33, D = 11 - 6 , (67) 

the inverses of the constants being measured in kg./sq. mm. With these 
values of the constants the grain of the wood is perpendicular to the edge 
and in order to get the values for the case when the grain is parallel to the 
edge we interchange A and B. The results of the calculations are given in 
table 1 and figure 1 , and they are compared with the isotropic case for which 
the value of o* is taken to be 0-26. 
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It will be Been that the maximum t^alue of the gtress on the boundary is 
approximately the same for the cases when the grain is parallel or perpendi- 
oularto the boundary and for the isotropic case. The position of the maximum 
stress varies considerably, and the effect of the force is felt at much greater 
distances along the edge of the plate when the grain is parallel to the edge 
than in the other two cases. The stress always changes sign (which means a 
change from compression to tension or vice versa) at the point 0 on the 
boundary immediately opposite the point of application of the force and 
also at two other points at equal distances on either side of 0. 


An isolated eobck pekpendictjlar to the boundary 


8. Now consider a force P acting at the origin parallel to the positive 
direction of the y-axis. The solution for an infinite plate is given by equations 
(36) and (36) with y = 0. For a plate bounded by one straight edge we put 


where Xi Xa ftr© given by equations (47) and (48) with 

, _ Pb _ r _ C^cc^B 1 ^ 

27r(ai - aj) B La|(a:* + b^/a^) o:\(x^ + J’ 

. _ Px_ r_C^a^B _ 1 

27r(ai ^ 2 ) jj ^ 

Hence we obtain 

27r(Ui — ag) (aj — a|) BxJP - f -i- 

JO ^ 

X {((7- agP) e“”**^*a* — ((7^a^P)cos mxdm^ 

27t{(Xi - a^) (a| - a|) BxJP - a(a| f 

J 0 ^ 

X {a^*(C — B) ~ S) cos mxdm. 


( 68 ) 


(59) 


(60) 


(61) 


The divergent parts of these stress functions are trivial and again it will be 
found more convenient to evaluate the integrals which occur in the corre¬ 
sponding expressions for the stresses. 

The stress on the boundary in this case reduces to 

(« 2 ) 

and for an isotropic material this becomes 


_ _ 2((>*-<ra:»)6P 


( 68 ) 
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The streae has been evaluated numerically for the aame speoiinen of 
spruce wood and for the aame two cases as before, and the results are given 
in table 2 and figure 2, and they are compared with the isotropic case for 
which cr = 0'26. 

Table 2 


xjb 

bxxJP 

Grain parallel 
to edge 

bxxJP 

Grain perpendicular 
to edge 

bx^lP 

Isotropic case 

0 

1*707 

0*332 

0*637 

0*05 

1‘703 

0*317 

0*683 

01 

1*694 

0*278 

0*623 

0*2 

1*658 

0*183 

0*583 

0*3 

1*603 

0*110 

0*624 

0*4 

1*629 

0*0663 

0*464 

0*5 

1*442 

0*0393 

0*382 

0*6 

1*348 

0*0239 

0*313 

0*7 

1*249 

0*0147 

0*262 

0*9 

1*054 

0*00646 

0*156 

1*0 

0*961 

0*00318 

0*119 

1*2 

0*793 

0*00077 

0*0684 

1*5 

0*688 

-0*00049 

0*0264 

2*0 

0*364 

-0*00083 

0 

3*0 

0*133 

-0*00058 

-0*00796 

4*0 

0*0514 

— 

-0*00661 

6*0 

0*00528 

— 

-0*00372 



Fiotntx; 2. Curve I, grain parallel to edge; curve II, isotropio ease; 
curve III, grain perpendicular to edge. 
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As the negative values of S^i are very small the oorrespondiug parts of 
the curves in figure 2 are omitted. The value of the maximum stress varies 
considerably with the direction of the grain, and the effect of the stress is 
felt at greater distances along the edge of the plate when the grain is parallel 
to the edge than when the grain is in the perpendicular direction. 


Force applied to the vertex of a wedge 

9. Wlien a plate is bounded by one straight edge and an isolated force 
acts at a point of the edge we may obtain the corresponding stresses from 
the previous two sections (§§ 7, 8 ). It is, however, easier to evaluate these 
stresses independently by considering the more general problem of an 
isolated force at the vertex of a wedge. This problem has actually been 
solved by Miohell ( 1900 , p. 35) who found that the law of transmission of 
force from the vertex of a wedge when the bounding faces of the wedge 
are free from applied force, is that the stress is purely radial and of the form 


rfr ~ KE(6) COB 


(64) 


where r is the distance from the vertex of the wedge and E{d) is the Young’s 
modulus in the direction 6. This solution holds for any kind of plate pro¬ 
vided that the moduluses are not functions of r. We will now give a solution 
of this problem using the notation and methods of this and our previous 
paper. 

The origin is taken at the vertex of the wedge which is bounded by the 
radii 6 — <5^, through the origin, the axes of x and y still being 

parallel to the axes of symmetry of the material Consider the function 

X * + (® 5 ) 


where r^, r,, 0i, 6^ are given by ( 22 ) -with ^ = 0 . 

This is a solution of equation (3) and, although it does not give single¬ 
valued displaoements after a complete revolution round the origin, it nan 
be applied to the present problem as the origin is not entirely surrounded 
by the material. The stresses due to this function are 


rd ^ ^ 0, 

2f*«j[ «^oos^ ( g, —1 _.“iJli _1 

7r{af- a])~ (a,T 1 + (a, -1) cos 20 g^ •+1 + (gi -1) cos 2^j 


( 66 ) 


rfr 
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These stressea give a total force applied externally to the vertex of the 
wedge. For a wedge bounded by the radii 0 = ± it reduces to a force 

Op 

(ajtand) - aj tan-* (aftand)}, (67) 

along the a;-axi 8 . Since rd — Oii follows that this solution gives zero 
mean stress over the edges of the wedge. 

The function 

X = (ri/rg)+aix0t-4x0^}, ( 68 ) 


is a solution of (3) and may also be applied to the present problem although 
it does not give single-valued displacements. The corresponding stresses are 


rd 


rrr ■■ 


= 0 , 

2P'8in ^ __ _ _ _ 

v(aj - aj) -f i -f- (ag - 1) cos 20 a, -t-1 + (a^ — 1) cos W 


ag-l 


)■ 


(69) 


and for a wedge bounded by the radii 0 — in ±S, these give a total force 


2P' 

7r(at-a|) 


(a) tan~* (a) tan A) — a| tan-* (a| tan A)}, 


(70) 


applied externally to the vertex of the wedge in the direction of the y-axis. 

For the case of a plate bounded by one straight edge which is parallel to 
one axis of symmetry of the material, A = in, and the stresses ( 66 ) and (69) 
give forces P and P' applied at a point of the boundary, parallel and per¬ 
pendicular respectively to the boundary which is otherwise free from applied 
stress. 

The stress ff due to a force which is acting normally at the edge of a sheet 
of spruce wood whose elastic constants are given in (67) has been evaluated 
numerically for the two cases when the grain of the wood is parallel and 
perpendicular to the edge. The results are given in table 3 and in a radial 
diagram in figure 3 , and the corresponding results for an infinite plate, which 
were found in our previous paper, are also given for comparison. The value 
of in table 3 is measured from the direction of the force, and as the 
distribution of stress is symmetrical about the force, fr is only given for 
values of 0 between 0 ® and 90®. 

When the force acts tangentially at a point of the boundary the numerical 
values of the stress ^ are the same as in the above two oases but the orienta- 
tioh of the stress is different. It has therefore not been thought necessary to 
give the results for this case. 
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The two radial diagrams for ff in figure 3 are on the same scale and at first 
sight it would appear that the stress due to a force acting normally at the 
plane edge of a bounded plate is excessively large compared with that due 
to a force acting at a point of an infinite plate. It must, however, be remem¬ 
bered that the force in an infinite plate produces compressive stresses in one 
half of the plate and numerically equal tensile stresses in the other, whereas 
in the bounded plate there are only stresses of one kind which balance the 
applied force. 

Table 3 



Bounded plate 

Infinite plate 

* 


r frIP 

rff/P 

f fr/P 

rfr/P 


Grain 

Grain 

Grain 

Grain 


parallel 

perjiendicular 

parallel 

perpendicular 


to edge 

to edge 

to edge 

to edge • 

0 

0-332 

1*707 

0*140 

0-718 

10 

0341 

M17 

0-139 

0-483 

20 

0*366 

0*526 

0-138 

0-246 

30 

0-413 

0*260 

0-137 

0-137 

40 

0*489 

0*140 

0-137 

0-0850 

50 

0-604 

0-0799 

0-143 

0*0558 

60 

0*770 

0-0465 

0*157 

0-0368 

70 

0*985 

0*0260 

0*178 

0*0227 

80 

1-011 

0*0117 

0*171 

0*0109 

85 

0*679 

— 

0*113 

— 

88 

0*300 

— 

0*0496 

— 

90 

0*0 

0*0 

0*0 

0*0 

For an isotropic bounded 

plate whose Poisson’s ratio is 0*25 



r rffP = 0'637 cos 6, 

where 6 is measured from the direction of the force, and for an infinite plate 

r rrIP ~ 0-269 cos d. 


When the grain of the wood is jwrpendioular to the edge of the plate 
and a force is applied normally to the edge, the stress is very high along 
radii which are nearly parallel to the force, and it is along these radii that the 
greatest increases in stress occur in comparison with the stress in an infinite 
plate.. That is, the high stress and the greatest increauses in stress are in the 
direction of the grain. 

When the grain of the wood is parallel to the edge of the plate so l^at tise 
applied force is now normal to the grain, the maximum stress is at an angle 
of about 75° with the force, and the greatest increases in stress compared 
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with that in on infinite plate occur along radii which sure near this diieotiont 
and therefore nearly along the grain. The increases are even more striking 
than in the previous case. 



FiaUKB 3. Polar diagrams showing radial stress ff. Radial distances give (la) (r/P) Jr, 
P acting i^rallol to the grain, (16) (r/P)fr, P acting perpendicularly to the grain, 
(Ic) {rjP)fr, isotropic material (ff = 0'25), for a bounded plate. The diagrams 2a, 
2 bf 2o represent the corresponding stresses fur an infinite plate. 


SUMMAEY 

In a previous paper by G. I. Taylor and the present writer, generalized 
plana stress systems were examined for infinite aeolotropic plates. In the 
present paper formulae are obtained for generalized plane stress systems in 
an infinite aeolotropic strip and also in a semi-infinite plate. In particular, 
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a solution is given for the general problem of any force aotiiig at any x>oint 
either within or on the boundary of such plates. The stresses due to any 
distribution of force may be deduced by integration. 

When a force acts on the boundary of a semi-infinite plate the stresses 
may be deduced from our general results, but this case is dealt with in¬ 
dependently by solving the problem of an isolated force at the vertex of 
a wedge. The method used here differs from that used by Miohell who was 
the first to solve this problem. 

The stress distributions due to forces either within or on the boundary of 
a semi-infinite plat© are illustrated numerically for a specimen of sprue© 
wood which is highly aeolotropic. 
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Auger and secondary X-ray electrons from gold 

By R. L. Mayo and H. R. Robinson, F.R.S. 

Physics Department, Quern Mary College (University of London) 

(Received 9 August 1939) 

1. Inteoduction 

When a target of any element is bombarded with X-rays, the electrons 
emitted from its surface fall into two groups, sometimes called photo¬ 
electrons of the first and second kind respectively. Each group, when 
analysed by a magnetic field, yields a fairly complex velocity spectrum. 
Those of the first group, for which we shall use the convenient term, 
introduced by Whiddington in 1922, of “X-ray electrons”, are the elec¬ 
trons ejected from different X-ray levels of the element by the direct 
action of a quantum of the incident X-radiation. Their energies are given 
by a simple modification of the Einstein photoelectric equation, the 
characteristic critical absorption frequencies of the element taking the 
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place usually occupied in that equation by the photoelectric threshold 
frequency. 

The electrons of the second group arise, in atoms which have lost an 
X-ray electron, as the result of more or less complicated internal “radia¬ 
tionless*' rearrangements of the extranuclear structure. As the atom from 
which they emerge is left multiply ionized in its X-ray levels, no simple 
expression can be written down for the electron energies. Photoelectrons 
of this kind were detected in 1914 by Robinson and Rawlinson, but at 
that date it was not possible to account for their origin. They were in¬ 
vestigated and interpreted by de Broglie in 1921 and in somewhat greater 
detail by Robinson and Cassie in 1925-6. The clearest and most un¬ 
equivocal evidence of their mode of origin was, however, given by Auger's 
beautiful cloud-chamber experiments, and these electrons are therefore 
generally known as “Auger electrons". 

The experiments to be described here were carried out with the magnetic 
spectrograph constructed in Queen Mary College (Robinson, Andrews and 
Irons 1933 ). It has been felt for some time (cf. Robinson and Young 1930 ) 
that it was desirable to have as direct a comparison as possible between the 
energies of X-ray electrons and Auger electrons originating in corre¬ 
sponding levels. So far, this direct comparison has been made in only one 
instance—that of the electrons connected with the X-tranaition in copper. 
The present work was primarily intended to be an investigation of the 
Auger electrons emitted *by i-ionized gold atotns, in which the electron 
energies were to be compared directly with those of the X-ray electrons 
emitted by the same gold target under bombardment by primary gold 
iz-radiations. Gold was chosen for several reasons: it is a good anticathode 
material, it is easy to make excellent gold targets by sputtering thin layers 
of the metal on a polished aluminium base, and the energies of the Auger 
L electrons fall within a range that can be easily covered with the fields 
available in our magnetic spectrograph. 

It will be seen, however, that owing to experimental difficulties it is not 
yet possible to present anything like a complete list of Auger lines. Our 
photographs show a number of faint lines which elude measurement, and 
much unresolved and imperfectly resolved structure. The apparatus will 
have to be considerably modified before much further progress can be made. 
As one of us (R. L, M.) has left London, and as there are other difficulties 
in the way of an immediate resumption of the work, it has been thought 
advisable to publish the results already obtained. The measurements of 
X-ray electron energies, which are also reproduced below, are much more 
complete, 
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2. Experimektai. 

The same gold target, sputtered on aluminium, was used throughout. 
The X-ray electron spectra were obtained by exposing this target to the 
radiation from an X-ray tube of modified Shearer tjrpe, fitted with a gold 
anticathode and operated at about 36-45 kV. The gold L spectrum is itself 
fairly complex, but it contains only a small number of lines strong enough 
to produce detectable corpuscular spectra, and there is no difficulty in 
interpreting the photographs. 

The Auger lines were then recorded, under exactly similar conditions 
and with the same range of magnetic fields, by substituting molybdenum 
for the gold anticathode, and working well above the molybdenum K 
excitation voltage. A few exposures were made with a silver antioathode, 
in order to clear up spectral regions in which the Auger spectrum is over¬ 
lapped by X-ray electrons excited by molybdenum A-rays. Hilger 
Schumann plates were used for part of the work, but most of the photo¬ 
graphs were made on Ilford Q plates. We found that the Q3 emulsion, which 
is more light-sensitive than thetjl, and which needs slightly more care in 
handling, does not appear to be appreciably more sensitive to electrons 
of the speeds used by us. We therefore used the Ql plates almost exclu¬ 
sively. 

The quantity we measure with the magnetic spectrograph is essentially 
the product (rff), where r is the radius of curvature of the path of an 
electron as it moves in a magnetic field of strength H normal to the path. 
To interpret the results it is necessary to convert this product into the 
corresponding kinetic energy, and for comparison with X-ray data it is 
convenient again to transform this into the equivalent frequency by using 
Planck's relation. The equivalent frequency, divided by the Rydberg 
frequency cR, may then be compared with the ''vjR'' values which are 
customarily tabulated in works on X-ray spectroscopy. 

In order to carry out the conversion from (rH) values into the equivalent 
vjR (which we shall, as in earlier work, denote by v*jR in order to dis¬ 
tinguish it from the corresponding X-ray spectroscopic value), it is neces¬ 
sary to assume values of the atomic constants e, e/m and A. We have, in 
fact, if W is the kinetic energy of a photoelectron, 


W 


mc*(1 + x“) — 1), where x 



which for small values of rH (say of the order 100 oersted cm.)—that is 
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for electron velocities very small compared with c —reduces practically 
to the classical form 


and 




W 

hcM 


1 e c 
2cEhm 


(rH) 


2 


(e being the electronic charge in e.m.u., m the rest-mass of the electron, c the 
velocity of light and E 109737 cm."'^). 

The conversion factor which we have to use is therefore sensibly pro¬ 
portional to the product (e/m x e/h) for the smaller electron energies. More 
strictly it is proportional to ejh elmf(rll ejm), where the function /, it is 
to be noted, contains e/m, but not e/h. Fortunately the value of / is, over 
the whole range of energies studied in this work, very insensitive to small 
changes in the value of e/m, and may be taken as constant. Otherwise 
expressed, if we change the value of ejm or-e/A by as much as 1 %, the 
resulting proportional change in the calciilated v^jR is sensibly identical 
with the proportional change in the product ejm x ejh, although the full 
relativity formula is used in calculating the kinetic energy. This is true to 
well within the most optimistic estimate of the probable experimental 
error. It is therefore very easy to compute the effect on our results of 
slight changes in the accepted values of the fundamental constants—an 
advantage which we should not enjoy if we were working with much 
faster electrons. 

Ixi carrying out the conversion from (rH) to v^jR values we use a set of 
convenient tables drawn up some years ago by one of us; these tables 
are based on the values ejm = 1*757 x 10^ e.m.u. ejh = 7*2827 x 10^® 
e.s.u. erg”^ sec.The resulting r*/i? values have to be compared with 
figures taken from X-ray spectroscopic tables, which up to the present 
have almost invariably been based on the conventional Moseley-Siegbahn 
wave-length scale, or on scales practically identical with this. Measure¬ 
ments made in this laboratory, and summarized in a recent paper by one 
of us (Robinson 1936 ), have shown that, in order to get good agreement 
between our photoelectric and the conventional X-ray values, it is neces¬ 
sary to take a smaller value of the product ejm x ejh than is yielded by the 
figures just quoted. Wo have, therefore, in working out the results exhibited 
below, reduced all the values by subtracting 0*17% from our tabu- 
lat©<f values (cf. Robinson 1936 , p. 1135 ). It should be mentioned that this 
adjustment would have to be supplemented by the subtraction of an 
additional 0*20% if absolute values were used for X-ray wave-lengths 
instead of the Siegbahn relative values- 
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In brief, then, the following values of v^jR are all calculated on the 
assumption that the most suitable—^not the most accurate—value of the 
product ejm x ejh is 1*2774 ^ mixed unit-s, one e being in e.s.u. and 

the other in e.m.u. The exact value taken is only of minor importance in 
connexion with the Auger electrons, where we are making a direct com¬ 
parison with X-ray electrons for which we use the same conversion factor; 
it is, however, of great importance in connexion with other points to be 
discussed later. 


3. RkS 17LTS 

Table 1 shows the Auger lines so far obtained, with ^lie corresponding 
X-ray electrons due to the conversion of primary gold //-radiations. 
Groups due to the conversion of molybdenum and silver X-rays are 
omitted from this table, and summarized later. The tabulated ‘‘Inten¬ 
sities'’ are rough visual estimates of the relative strengths of the lines, 
1 corresponding to a very weak line, and 6 to the strongest observed. The 
tH values are in oersted cm. The “Origin” listed for the X-ray electrons 
does not include all possible transformations leading to electrons of these 
energies; it will be realized that as we are operating on a gold target with 
gold X-rays, lines of a given energy may sometimes originate in more than 
one way. For example, a line with energy + be 

described as Laj-ilfjv, or In such cases we indicate only the 

most obvious transformation, viz. that of a strong constituent of the 
primary radiation in a strongly absorbing level. 

It must also be remembered that with the focusing method used, if two 
lines are too close together for complete resolution, measurement can only 
be made on the line corresponding to the swifter group of electrons. This 
accounts for the absence of a number of lines which might otherwise have 
been expected to appear in our tables. In less extreme cases, where it is 
Just possible to separate a pair of lines, the estimate of the relative intensity 
of the constituent of lower velocity is particularly subject to inaccuracy. 

Discussion of Table 1 

The relative smallness of the immlmc of Auger lines identified is rather 
disappointing. As has been mentioned above, there is evidence of a great 
deal of unresolved structure in the Auger spectrum, giving the effect in 
places of a practically continuous background. There is always some 
background, even when the thinnest possible targets are used; this is well 
shown by the work of Ference (1937), in which a magnetic spectrometer 
is used with the photographic plate replaced by an electrical counter. More* 



197 


and X^ay electrons from gold 

and more detailed, knowledge of the Auger electron groups is much to be 
desired—both of the electron energies and the relative intensities. As 
there is every reason to believe that the distribution of the Auger electrons 
is entirely symmetrical—i.e. that the direction of ejection is quite inde^ 
pendent of the direction of the primary X-rays—the magnetic spectrograph 
is a very suitable instrument for investigating both these points. Electrical 
detectors have obvious advantages for the comparison of intensities, but 
so far they have proved much less suitable than the photographic plate 
for the detection of faint lines and the elucidation of fine detail. 


Tablis 1. Attger and X-ray electrons 


Atiger electrons X-ray electrons 











In- 




In- 





tensity 

Notes 

rH 

v*in 

tensity 

Notes 

rH 

v*/R 

Origin 

(hi 

i 

244-5 

385-2 






1 

i 

260-4 

403*8 






1 

i 

256'7 

421-0 






2 

c 

266-6 

454-1 

1 

g 

268*4 

463*6 

Lai-’Mi 

2»3 

c, d 

270-5 

470-9 

1-2 


274-2 

483*8 

L<Xi-Afu 

3-4 

h, c 

280-0 

506-5 

2 

bf if u 

280-4 

605-8 

LcCii-M ijj 

2 

Cf if w 

2S1-6 

609-7 

3-4 

n 

282*7 

514-0 

Laj—ilf jii 

6 

bf n 

290-5 

642-6 

4 

bf u 

292*0 

548-1 


2 

— 

292-3 

649-3 

3-4 

— 

293-5 

653-8 

La,~Afv 

1-2 

— 

299-1 

674-9 






1 

—. 

303-0 

689-9 

1-2 

- 

303*4 

691*5 


1-2 

c 

309-3 

'■;;4J4-6 

12 

— 

308-5 

011-3 


2 

c 

314-5 

i%5-2 

2-3 


316*1 

641*6 


1-^2 

c 

318-3 

650*6 

2 

— 

318*6 

651-7 






Cl 

i 

320-3 

658-6 

Lct^-Ni 

4 

h, Cf u 

323-0 

669-6 

4 

hf if u 

323-0 

669-6 






5-6 


324*5 

675-8 

LoLi'N nt 

6 

c 

324-6 

676-2 

3 

bf if 

326*5 

684-1 


3-4 

bf c, u 

326-4 

683-7 

4 

n 

328*1 

690-8 

V 

3-4 

c 

327-8 

689-7 

2-3 

— 

332-6 

709-7 

VII* 

J-2 

c 

332-9 

710-9 

2 

— 

334-0 

715-6 

Lui-O 

1 

g 

336-9 

723-7 

1 

g 

337*4 

730-1 

LyyMi 





1-2 


342*9 

763-9 






1 

i 

350-0 

785-1 

LA- .V,: Ly,-Af,u 





1 


353*8 

802-0 


2 

— 

357-1 

816*9 

2 

— 

357-2 

817-4 

LA-A^v; 

1 

c 

363-2 

844-8 

1 

if n 

364*6 

861-2 

Lftf- N. 0 

0-1 

9 

368-8 

870*7 






1 


377-2 

910*3 






2 

9 

383-1 

938-7 







6 , barely or in.oomt)letely resolved; c, region of complex structure; d, difFuse, difficult to 
JUfHwmre; if accuracy doubtful; w, head of a narrow band; doubtful line (o.g. measured on only 
^ or 2 plates); u, intensity doubtful; ic, head of a Inroad band. 


i3-a 
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We appear at the moment to have reached the limit of performance of 
our present Bpectrograph. It seems certain that with a larger instrument, 
in which the lines could be more widely separated, and in which it would be 
easier to reduce the amount of scattered /?-radiation reaching the photo¬ 
graphic plate, it would be possible substantially to amplify the results 
tabulated above. At the present stage we can add nothing useful to the 
discussions which have already appeared upon the Auger lines. 

The X-ray electrons 

Here our measurements have an important application to the problem 
of the numerical values of the atomic constants (cf. Robinson 1936 ). To 
facilitate comparison with our results, w^e reproduce here some X-ray data 
{vjR values), mainly from Siegbahn ( 1931 ): 


Gold L spectrum 

Lcl^ (Liii—My) 

715-4; 


L {L„-My) 842-8 


(ijjp Wy) 

853-2; 

Lot^ 

,iL„i-M,y) 709-2 


^ri (^u 

-iVjv) 

985-6 



Gold levels Li 

1057 1 

Jf, 

262-2 


65-8 0 7-8-0 

Ln 

1011-4 

Mu 

231-8 


47-3 

■^iii 

877-7 

M,n 

201-9 

Nw 

, 39-9 



^IV 

168-6 

Ny 

24-6 



My 

162-2 

Nyu 6-8 

Molybdenum Kol^ 

1287-4 

Silver 

Ka^ 1632-4 



1279-7 



Xoj 1619-6 


a'A 

1444-2 



K/ii 1837-2 

These values have 

been used 

in the “ 

X-ray” 

columns of table 2 , a table 


which includes practically all the X-ray electron groups measured in the 
Table 2. X-eay electrons 


Origin 

rH 

p*IR 

VjR 

(X»ray) 

Origin 

rH 

v*/H 

vjR 

(X-ray) 

Lai-Afj 

268-4 

463-6 

463-2 


326-5 

084-1 

684-6 

Mji 

274-2 

483-8 

483-6 

LQt^~~Rf y 

328-1 

690-8 

690-9 

III 

280-4 

505-8 

507-3 

Mo K(Xi-Lii 

206-9 

276-2 

276-0 

Lai-Miii 

282-7 

514-0 

513-5 

Mo Koc^-Liii 

240-0 

402-3 

402-0 

Lcci~M jv 

202-0 

548-1 

546*8 

Mo Kcci-Liii 

252-3 

410-0 

409*7 


203-5 

553-8 

553-2 

Mo KPirhiii 

207-1 

567-3 

566-5 


303-4 

501-5 

500-6 

Ag Ka.i-Ly 

290-4 

676-1 

676-3 

LfiiMn 

308-5 

611-3 

611-0 

Ag K<x,-L„ 

308-0 

609-4 

608-2 


316-1 

641-6 

640-0 

Ag Koti-Lu 

311-1 

621-6 

621-0 

III 

318-6 

651-7 

661-3 

Ag Kat-Lin 

340-5 

743-6 

741-9 

LarNi 

320-3 

668-6 

650-6 

Ag 

343-2 

755-2 

754-7 

Lai^N H 

323-0 

669-0 

668*1 

Ag KA-L„ 

350-2 

826-5 

825-6 

Lai~Niii 

324-5 

675-8 

675-6 

Ag Kfiy-L^ii 

387-6 

960-6 

959-5 
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present series of experiments. Those due to gold L rays are repeated from 
table 1, and in addition there are eleven lines due to the conversion in 
gold L levels of the stronger constituents of the molybdenum and silver 
-ST-radiations. The latter have been taken from the plates of the Auger 
spectra (cf. § 2). All the lines we have measured are included in this table, 
except where, owing to closeness of levels or to chance approximate co¬ 
incidence of Auger and X-ray electron groups, there is some doubt of the 
exact origin. 

It will be seen that, with very few exceptions, the photoelectric values 
are higher than the X-ray vjR. On the whole, the differences run very 
regularly—much more regularly, in fact, than could reasonably have been 
expected, since over the greater part of the table an error of 1 part in 1000 
in the measurement of vH produces an error of between 1 and 2 Rydberg 
in the corresponding and many of the level values adopted are 

likely to be in error by as much as 0*2. The excellence of the general run 
of our results is therefore in part fortuitous, but with so large a number of 
concordant measurements it is quite clear that the constants adopted 
{§ 2) need still further adjustment in order to bring the photoelectric results 
into line with the X-ray values. In brief, the correction of — 0 * 17 % 
(Robinson 1936, p. 1135) is a little too small, This conclusion has been 
confirmed by the preliminary results of other work in this laboratory by 
Robinson and Clews, which it is hoped to complete shortly for publication. 

Taking a simple average of the results in table 2, we find that the 
additional correction required is 0 1^ parts in 1000. The gold L results 
taken alone give 0*45 parts in 1000. Finally, if we weight the measurements 
roughly in proportion to the relative intensities of the lines (i.e. giving 
greater weight to the more easily measured lines), and drop tlio measure¬ 
ments of lines due to Mo and Ag Kcx^ (which are manifestly less accurate 
than the others, owing to the proximity of the lines), we get 0*6 paits 
in 1000 as the best value of the additional correction. That is, our total 
correction should be 0 * 23 %, instead of 0 * 17 %. 

Taking now into account the factor 1*0020 required to transform 
Siegbahn wave-lengths to absolute values, the value of the product 
e/m.e/A given by our experiments is 

0.()QQ4 

1*2774 X 1024 X = 1.274, x 10^4. 

The value of e/m is still a little uncertain, but very probably 1*759 x 10^ 
e.m,u. g ."4 iB correct to within 1 part in 2000. Accepting this, we find for 
e/A the value 7.24^ lOia (e in e.8.«.). 
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or A/e = 1-380* xlO-” 

The value deduced from the Rydberg constant, using Bohr’s formula, 

A/e= 

' /sj Rc^e/m 

and putting e — 4'803 x e.s.u., elm — 1*759 x 10’, c = 2-998 x 

is hfe « 1-3794 x 10“^’. This Ls in excellent agreement with our result, but 
a great deal higher than the values foimd in recent accurate work on the 
inverse photoelectric effect. 

We have pleasure in acknowledging a grant from the Grovemment Grant 
Committee of the Royal Society, which provided for the purchase of the 
greater part of the apparatus used in this work. 


Summary 

Measurements have been made, in the magnetic spectrograph, of tlie 
energies and approximate relative intensities of the Auger electrons 
emitted by gold atoms which have been ionized in their L levels. Material 
is obtained for a direct comparison of these energies with the energies of 
the X-ray electrons expelled by primary gold l/-radiations from normal 
gold atoms. The analysis is, however, incomplete, and more powerful 
methods will be required to elucidate the complete Auger spectrum. 

A new value of kje has been deduced from the results of the measure¬ 
ments on the X-ray electron groups. 
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The compressibilities and expansion coefficients of 
gases at low pressures, and their relation to 
molecular volume 
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{Communicated by J. Kenyon, FM.S.—Received 29 March 1939*— 
Revised 20 June 1939) 

Introduction 

The determination of molecular and atomic weights by the limiting 
density and limiting pressure methods has furnished considerable data on 
the behaviour of gases in the neighbourhood of atmospheric pressure. It is 
customary in this work to express the deviations from the ideal gas laws 

in terms of either the (compressibility l+A or the compressibility 

coefficient A, where l-^l - p^v^ is the limiting value of pv at in- 

finitely low pressure, pii\ the value at 1 atm., and the temperature 0° C. 
The present paper describes a simple method of expressing (compressibilities 
and related low pressure data for non-polar gases in terms of their effective 
molecular volume. 

In previous papers (Coppock 1933 , 1935 ^) it has been shown how 1 -f A 
values and expansion coefficients at low pressures may be calculated with 
considerable accuracy from the Beattie-Bridgeman (1928, 1930) equation 
of state, in which the constants have been derived from high-pressure 
data* This equation may be written in the virial form as follows: 

pP = i?/ “f yH- 

where fi ^ RTBo-A^-~i, 

y^-RTB^b + A^a-^f, 

._RB,^c 
" “ fi ' 

Aq, a, Bq, b and c are charewteristio constants for each gas. 

[ 201 ] 
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For condensable gases such as carbon dioxide the major contribution 
in representing the deviation from the ideal laws at N.T.P. is contained in 
the fijV term, the other terms affect pv by about 1 part in 100 , 000 , 
Keesom has pointed out that many equations of state are of the type 

= + ( 2 ) 

so that at 1 atm. pressure we may identify the /?/F of the Beattie equation 
with B. 

The virial coefficient B in equations of type ( 2 ) is related to the van der 
Waals constants a and b by the simple relation 


thus at constant temperature B is pro|)ortional to b — ka, where k i& a> 
constant. In the case of non-polar gases at low pressures the intermolecular 
forces would be at a minimum, and a itself may not be of great importance, 
hence B should be a function of the molecular volume and deviations of 
these gases from the ideal laws expressed in terms of their compressibility 
would be a linear function of their actual volume. In this connexion it 
should be noted that Cawood and Patterson ( 1933 ) concluded from a 
critical study of the van der Waals and Dieterici equations of state that 
the limiting value of the compressibility of a gas at the critical temperature 
is directly proportional to the critical volume, i.e. it depends only on the 
volume occupied by the molecules. 

Keesom ( 1921 ) suggested for non-polar gases that B ~ where N 

is the Avogadro number and d the molecular diameter. For polar gases 

where fi is the dipole moment. 

If B for non-polar gases were completely represented by the effective 
molecular volume, then it would be impossible to account for values of 
1 -f A for hydrogen, helium and neon less than unity, for here the contribu¬ 
tion of a/BT must exceed that of b. Nevertheless with increasing molecular 
size the term including a will become less important and Keesom’a method 
of representing B by molecular volume of greater importance. The expres¬ 
sion given for B is based on the argument that since molecules which 
approach one another cannot have their centres within the hemisphere of 
radius r/, then B == INnd^, i.e. the effective volume B is four times the 
actual volume. Values of d are difficult to assign, because owing to the 
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mutual repulsion of the electronic shells the radius of the hemisphere will 
be greater than the molecular diameter as calculated herein from the 
lengths of the links and size of atoms involved» It will be shown on the 
basis of the relations subsequently developed that the actual molecular 
diameter appears to be approximately ^2 times the calculated diameter. 


New data for several gases 

Recently Beattie and his co-workers ( 1935 , 1937 , 1939 ) have evaluated 
the five constants for their equation of state for ethane, propane and 
nonnal butane, and the previous work of the author (i933» 1935 ^^^) has been 
extended to these gases, 1 + A values having been calculated using the 
convergence method. The expansion coefficients of methane have been 
recalculated, being previously in error. The results are given in table 1 
and for comparison the values for ethylene and acetylene are included, 
in the latter case the calculation of the expansion coefficients is described 
subsequently. 

Table 1 


Gob 

10«a„ 

10»a„ 

1 + A 

A 

CH 4 

3684 

3680 

1 00233 

0-00232 


3683obB. 

3«80obs/ 

— 

— 

C,H, 

3740 

3721 

1-00964 

0-00966 

C,H, 

3813 

3772 

1 01893 

0-01867 

nC.Hjo 

3928 

3861 

1 03427 

0-03314 

C,H, 

3724 

3711 

1-00741 

0-00736 


— 


l*00732obfl. 

0'00727obB® 

C.H, 

3736 

3718 

l-00892obB. 

0-00884Qi)g. 


(Throughout the paper values of the coefficients of expansion at constant pressure 
a*, and constant volume are over the range 0 - 100 ° C unless other temperatures 
are specifically stated. The coefficients are at, and cCp initially at, 1 atm. pressure. 
Inferences in table are ( 1 ) Key os and oo-workers (1922, 1927), {^) Oawood and 
Patterson ( 1933 ).) 

The results obtained for the paraffins are as expected for an homologous 
series, the values for n-butane probably represent the maximum deviations 
from the ideal laws for a non-polar gas at N.T.P. (b.p. 1 ° C), The diminution 
in 1 -f A and a values for ethylene compared with ethane, and the subsequent 
approach of the acetylene values towards those of ethane are discussed 
later in terms of the spatial structure of these molecules. The reliability 
of the 1+A values for these gases may be demonstrated by calculating 
the atomic weight of carbon in each case, taking the normal densities as 
cited in the Internaiional CrUical Tables, i.e* from CaH^, C — 12-03; C 2 H 4 , 
C *“ 12 * 02 , and CaHa, C « 12-006. 
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The expanflion coefficients of acetylene, nitric oxide and hydrogen 
chloride have been calculated from a single 14 - A value at 0 ® C by the 
following method. It has been shown (Coppock 1933 ) that the com¬ 
pressibility of a given gas at any temperature abs, may be expressed in 
terms of the virial coefficient ^ at that temperature by the equation 

(1 -f A )y = 1 - • (3) 

Hence ^ ( 4 ) 

where R = 0-08206 1 . atm. 

An inspection of the difference (A) between the virial coefficients 
and shows that it is approximately proportional to values provided 
the gas is not very compressible, e.g. for C^Hg = —4-7632, /I = -h 1-23 
and for C 2 H 4 = —3*6770, zl = + Ml. Thus calculated for ac^etylene 
from its 1 -fA value (Howarth and Burt 1925 ) is —4*441 and assuming 
J = 4 - 1 * 20 , -“3*24. These values have been used to calculate the 

ex|mnsion coefficients as previously described giving 10®a„ = 3735 and 
10 ®a^ = 3718. In the case of nitric oxide 1 4 -A — 1*00119 (Addingley) and 
0*5971, assuming A — 0*43 as for oxygen = 3675 and 10 ®^^ — 3674. 
For hydrogen chloride Whytlaw-Gray and Burt ( 1909 ) give 1 + A — 1*00748, 

= —3*730, which is almost identical with that for carbon dioxide for 
which J — -f 1 * 20 , hence 10 ®a,, = 3726 and — 3713. The error involved 
is probably not greater than 1 part in 2000 . 

In the discussion of the relation between expansion coefficient and 
molecular volume some of the experimental data required were not made 
over the temperature interval 0 - 100 "" C. The necessary corrections have 
been applied based on the fact that the ( 4 -) difference between two 
coefficients, say and cto^^ioo ^ linear function of the divergence of 
the coefficient from the ideal value of 0*003661, the greater the divergence 
the larger the difference. The method of evaluating the difference has 
been described by Coppock and Whytlaw-Gray ( 1934 ) and the values of 
the volume coefficiouts’^ obtained by these authors for five gewses have 
been corrected in this way giving 10 ®a„ for NO *3677: SF^^STSS: 
dimethyl ether « 3888: CO * 3673 and N^O * 3727. 

* In the equation given to oorreot for adsorption (p. 603) should read 
i.e. the temperature interval. 
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Thjs eblation to molectjlab volume 

It has been suggested that a linear relation between 1 4 -A values and 
effective molecular volume B might be expected. Recently, Lewis ( 1938 ) 
has shown for similar groups of substances that critical temperatures, 
boiling points, viscosities and molar heats of vaporization are linear 
functions of the molecular volume as represented by the parachor. 

The molecular volumes used in this paper are obtained from a summation 
of atomic radii and bond distances based on the Sidgwick-Pauling addi¬ 
tivity rule. The data used are taken from the summaries given by Sidgwick 
( 1933 ), Clark ( 1934 ), Glasstone ( 1936 ) and Brockway ( 1937 )* Sidgwick 
( 1932 ) has emphasized the different interpretations of atomic radii de¬ 
pending on the mode of measurement and an attempt has been made to 
compute molecular radii r from comparable data. In many cases these 
have been obtained from electron diffraction measurements on tlie gaseous 
molecules. The values of r are given in table 2 together with the effective 
volume of one molecule \\ and B the volume per gram-molecule as calcu¬ 
lated from the van der Waals-Keesom formula F = fand B — NV, 
corresponding values of 1 4 - A and a are also tabulated. 

This method of calculating JS assumes the molecules are spinning rapidly 
enough to present themselves as spheres of revolution in the gaseous state. 
This is justifiable for diatomic molecules, and in the case of *‘long” 
molecules Mack and Melaven ( 1931 ) believe end-over-end spins are to be 
expected and consequently r is taken as the maximum radius for the 
hydrocarbons and other similar molecules. This probably leads to some 
error in B for propane and butane, the true volume lying between the 
spheroidal and spherical condition considerably displaced towards the 
latter. The normal tetrahedral angle for the carbon valencies is assumed. 
The value of r for CO* is based on Wierl’s (see Glasstone 1936 a) determina¬ 
tion of the carbon-oxygen link; for NgO the extreme oxygen and nitrogen 
atoms are 2*38 A apart and r is the mean value for the resonance structures 
and — 0 ~; r for dimethyl ether, a long molecule, 

assumes the oxygen intervalency angle of 111 °, and for SO 2 the sulphur 
valency angle is taken as 124°. In the case of SFg, = 0*64, the observed 
S—distance is L58 A hence r = 2*22 A (additivity rule 2*32 A), 

Comparable values of r for the inert gases are difficult to assign, they 
appear to be best represented by the radii of the odjaoont alkali metal 
ions. The values of Zachariasen and Wasastjerna obtained by independent 
methods for these ions are of the same order as the mean of Grimm’s 
values for the inert gases (for complete data see Clark ( 1934 )), and the 
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former are those assumed. Viscosity measurements would give slightly 
larger values not fully comparable with the other data. 

It will be observed from figures 1 and 2 that for non-polar gases the 
compressibilities and coefficients of expansion at constant pressure are 
linear functions of B, the molecular volume. The discrepancies which occur 


Table 2 


B in 


Gas 

r in A 

V in A« 

o,o./g. mol. 

10 «a„ 

1 + A 

He 

0-68 

5*27 

3*19 

3669 

0*99948 

H. 

0-74 

6*79 

4*12 

3660 

0*99939 

D, 

0-74* 

6*79 

412 

3669« 


Ne 

0-98 

16*77 

9*66 

3660 

0*99961 

N, 

MO 

22*30 

13*62 

3670*5 

1*00044 

NO 

M5 

26*49 

15*46 

3677 

1*00119 

0 , 

1-20 

28*96 

17*56 

3674 

1*00094 

CO 

1*20 

28*96 

17*55 

3673 

1*00048» 

A 

1-33 

39*43 

23*89 

3673 

1*00099 

HCl 

1-37 

43*09 

26*11 

3726 

1*00748 

NH, 

1-46 

51*09 

30*96 

3847 

1*0161 

CH. 

1 46 

62*16 

31*60 

3683 

1*0024 

Kr 

1-48 

64*33 

32*92 

3688 

1*00279 

X 

1-75 

89*8 

64*4 

3721 

1*00899 

CO, 

1-78 

94*61 

57*27 

3723 

1*00684^ 

C,H, 

1*80 

97*72 

59*23 

3724 

1*00732® 

N ,0 

1*81 

99*38 

60*21 

3727 

1*00736* 

SO, 

1*86 

107*8 

66*34 

3900 

1 0239* 

C,H. 

1*93 

120*6 

73* 11 

3740 

1*00964 

C,H, 

2*03 

140*2 

84*96 

3735 

1*00892 

8F, 

2-22 

183*3 

IIM 

3785 

— 

(CH,),0 

2*42 

237*5 

143*9 

3888 

1*0281* 

Call, 

2*50 

261*8 

158*7 

3810 

1*01893 

nC.Hio 

3*14 

618*8 

314*4 

3928 

1*03427 


(Data not (sited in this or previous papers or calculated herein bear the appropriate 
reference: ( 1 ) Clark (1939)1 ( 2 ) Ooppock (1935&), ( 3 ) Woodliead and Wliytlaw-Qray 
(1933), ( 4 ) Batuocas (1934), ( 5 ) Cawood and Patterson (1933).) 


are not large, particularly as B involves the cube of the molecular diameter 
and determinations of 1 + A and are frequently affected by adsorption 
errors. The volume coefficient was chosen to iUustrate the relation owing 
to its greater sensitivity to adsorption errors in its measurement than the 
corresponding pressure coefficient. It was not expected that such a simple 
relation would hold so well in the case of expansion coefficients where T, 
and hence the attraction term ajRT, is variable. That it does hold supports 
the view of the minor importance of a and its subsequent evaluation in 
terms of B in the calculation of 1 + A for non-polar gases. 
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The deviations from the linear relations shown by the polar gases is 
well marked, and expressed in terms of B the divergence appears to be 
proportional to the dipole moment, the values lying on a smooth curve as 
may be anticipated. 



B (c.c./g. mol.) 

FrcJURHi 1, Plot of 1-f A against B. 

The interesting result has been pointeid out that 1 -f-A and a values for 
acetylene are apparently abnormal, falling between those for ethane and 
ethylene. It is clear that shortening of the carbon-carbon distance due 
to the double bond will diminish r as we pass from C 2 H^ to C 2 H 4 , but in 
the case of acetylene the further diminution caused by the triple bond is 
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more than counterbalanced by the “end-on” positions of the hydrogen 
atoms. Thus r and B are greater than for ethylene, actually they are lai^r 
than for ethane which is not in accordance with the 1 -l- A values. Two 
explanations are possible: ( 1 ) Indeterminancy in the value of in the 



B (c.c./g. mol.) 

Figure 2. Plot of a, against B. 


C—H link which affects only slightly r„»ximuin for and C 2 H 4 owing to 
the spatial distribution of the hydrogen atoms, but is of major importance 
for CaHj. ( 2 ) CaHa is a thinner molecule than either CaH# or CaH, and 
B calculated from the spherical formula is probably too large. Never¬ 
theless, in spite of these defects the anomalous position of acetylene is 
explained simply and without the need of postulating an abnorm^ struc¬ 
ture for the molecule. 

No experimental value of 1 + A for isobutane is known, but compared 
with n-butane (B = 184’7 and 314’4 respectively) the former should deviate 
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ie»s from a perfect gas (estimated 14* A = 1-022) as may be seen by a com¬ 
parison of boiling points (— 17 and 1° C). In this coimexion it is suggestive 
that in the case of buatadiene which has been ascribed the resonance 
structure CHa*:rCH::i'CH::::CH 2 , the boiling point is 3-6° lower than that 
of w-butane ( — 2*6 and V C). This is 3^ short of the value anticipated 
by comparing jB for the formula CHa:=CH—CH-^CHg (268-7) with the 
values for n-butane and isobutane where the difference in boiling points 
is 18° C. The resonance formula would stiggest a slightly longer molecule 
(i.e. greater B value) than the older mode of writing the structure. 

The position of sulphur hexafluoride in figure 2 is more normal when r 
is based on the measured S—F bond distance rather than on the additivity 
rule. There is also evidence from both curves, particularly in the expansion 
coefficient case, of the more polar tendencies of N^O than for 
attributed to the additional electron centred on the nitrogen atom. 

In view of the linear relations obtained values of B were inserted in the 
Keesom equation (2) and 1 -h A values calculated therefrom, but the results 
were in considerable error. Obviously the true “ effective’’ volume L must 
be of the same magnitude as the /J/V term of the Beattie equation, and 
the corresponding term of the Keesom equation likewise. By evaluating 
1 -f A for definite values of L and determining from the slope of the curve 
in figure 1 the corresponding B values it is found that B must be multiplied 
by 2-85 to give L. This means that the actual diameter is very nearly ^2 
times the calculated diameter, and suggests that the nearest distance of 
approach of non-polar molecules at low pressures is conditioned by their 
size and is not a uniform amount as represented by an envelope of say 
0-5 A thick. It also explains the apparent lessening of the van der Waals 
a effect with increasing molecular volume. It was suggested earlier that 
the ajRT term is important in the cases of hydrogen, helium and neon, and 
as it is found that 1 A and a are linear functions of B, the correction for a 
has been evaluated in‘terms of B. Thus for non-polar gases we may write 

Px'H = (^><>27 - 2-855) at C, 

V and B are in litres per g. mol., and *= 22-4131 1. atm., the constants 
are of course tentative. Values of 14-A calculated from this equation are 
given in table 3 and as errors in the molecular diameter are greatly 
magnified in calculating B the agreement is regarded as satisfactory. 

Thus by utilizing this simple relation it should be possible to predict for 
non-polar molecules accurate values of the physical constants discussed 
in this paper from a knowledge of their molecular radii. 
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Table 3 


Gas 

1 + Acalc, 

i + Aobs. 

H, 

0*99932 

0*99939 

N. 

1*00052 

1*00044 

0 , 

1*00103 

1*00094 

CH. 

1*00291 

1*0024 

Kr 

1*00317 

1-00279 

CO, 

1*00617 

1*00684 


1*0193 

1*0189 


The author wishes to express his indebtedness to Dr J. Kenyon, F.R.S., 
Professor R. Whytlaw-Gray, F.R.S., and Dr J. W. Smith for helpful 
criticism and advice. 


Summary 

A linear relation is shown to exist for non-polar gases at low pressures 
between their compressibilities and expansion coefficients and the corre¬ 
sponding molecular volumes. 

It is suggested that the nearest distance of approach of such gaseous 
molecules at low pressures is dependent on their size and is not a uniform 
amount as represented by an envelope of about 0*5 A thick. 

Additional data have been calculated for certain hydrocarbons and the 
behaviour of some of them discussed in the light of their spatial structure. 
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On relativistic wave equations for particles of arbitrary 
spin in an electromagnetic field 

By M. Fibbz and W. Pauli 
Phyaikalischea Inatitut der Eidgenoaaiachen Techniachen 
HochachtUe, Zurich 

{Communicated by P. A. M. Dirac, F.R. 8 .—Received 31 May 1939) 

1. Introduction 

The investigations of Dirac (1936) on relativistic wave equations for 
particles with arbitrary spin have recently been followed up by one of us 
(Fierz, 1939, referred to as (A)). It was there found possible to set up a 
scheme of second quantization in the absence of an external field, and to 
derive expressions for the current vector and the energy-momentum tensor. 
These considerations will be extended in the present paper to the case when 
there is an external electromagnetic field, but we shall in the first instance 
disregard the second quantization and confine ourselves to a c-number 
theory. 

The difficulty of this problem is illustrated by the fact that the most 
immediate method of taking into account the effect of the electromagnetic 
field, pro^Kised by Dirac (1936), leads to inconsistent equations as soon as 
the spin is greater than 1. To make this clear we consider Dirac’s equations 
for a particle of spin 3/2, which in the force-free case run as follows: 

Kalfi = ) 

Vol. 173. A. 14 


(i) 



212 


M. Fierz aaid W. Paiili 


where = o|a and bif = are symmetrical Bpinors. Dirac attempted to 
take the external electromagnetic field into account by replacing the spinor 
by n^n, which arises from it by substituting -iSIdXh — e^Jhc for 
— id/dX)^ being the electromagnetic potentials). The are then non¬ 
commuting operators satisfying the relations (cf. Appendix) 

=«///+(2-i) 

where/a /7 and /^^ are the two symmetrical spinors (/„“ =/i'* =* 0) associated 
with the antisymmetrical field tensor //*,. By contracting this relation it 
follows that 

On the other hand, just as in the force-free case, we have 




(2-2) 

and so 

= -iPdj+fj. 

(2-3) 

From Dirac’s 

proposed equations 



- n^Pa^p = n^Pa^p, 

(31) 


KaXp = n^/iby = 

(3-2) 


however, it would follow that 


and so from (2-3) 

Since the right-hand side is symmetrical in a and /? it follows that the sub¬ 
sidiary condition 

=//«t. 

or = 0, (3-3) 

must be satisfied by the spinor field but this cannot in general be 
satisfied simultaneously with the other equations. 

One might at first hope to avoid this objection by replacing (3-1), (3*2) 
by the weaker conditions 

2Kb^^ « n^a^p+n^fa^f,, 

2Kati, - n^i^bf+nf^bi^. 


(41) 

(4-2) 
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It is to be remarked, however, that even in the force-free ease such a 
system no loxiger leads to a wave equation of second order* (A closer dis¬ 
cussion shows that these equations describe, besides particles of spin 3/2 
and rest-mass k, also particles of spin 1/2 and rest-mass 2k). And further, 
the expression for the total charge turns out to be no longer positive definite, 
and this makes quantization consistent with the exclusion principle im¬ 
possible (for quantization consistent with Bose statistics the total energy is, 
on the other hand, not positive for the case of half-integral spins). 

This modification was therefore abandoned and the equations ( 1 ) were 
retained for the force-free case. The problem then arose, besides replacing 
the Pa/j by the 11^^, of adding to these equations extra terms, depending on 
the field strengths, in such a way that they remained self-consistent in the 
presence of an external field. 

A completely analogous problem arises for integral spins. For instance, 
the field equations for spin 2 , involving according to (A) a symmetrical 
tensor whose trace vanishes, are 

i 

(6*1) 

= (5.2) 

The second set of conditions is indispensable if the total energy is to be 
positive definite. In fact if they were omitted those waves with only com¬ 
ponents of the type would give rise to negative values of the total 
energy. On the other hand, the equations which arise from ( 6 - 1 ), ( 5 - 2 ) when 
0/0a:*, is replaced by 0/0** —are not compatible, for the operators 
77*® S77^ and 77* are not commutative (77* = — t0/0a;* — c^*/^c). 

k 

We shall not attack the problem of deriving such additional terms to make 
the equations compatible directly but solve it by an artifice. This consists 
in introducing auxiliary tensors or spinors of lower rank than the original 
ones (for spin 3/2 they will be simple spinors c, and for spin 2 a scalar C) 
and deriving all equations from a variation principle without having to 
introduce extra conditions. By suitably choosing the numerical coefficients 
in the Lagrange function it will follow from the field equations (derived from 
the variation) that in the absence of an external field the auxiliary quantities 
vanish and the additional conditions (5-2) or (1) are satisfied automatically 
(of. § 2 , equations ( 10 ), ( 11 )). 

That such a procedure is reasonable seems to be shown by the fact that, 
for vanishing rest-mass, our equations for the case of spin 2 go over into those 
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of the relativity theory of ’W'eak gravitational fields (i.e, 
neglecting terms of order higher than the first in 7^^); the ‘"gauge-trans¬ 
formations” are identical with the changes induced in by infinitesimal 
co-ordinate transformations (§ 6). 

Although the following only deals in detail with the interaction of the 
particles and an external electromagnetic field, the interaction with other 
particles which can be absorbed and emitted could be formulated analo¬ 
gously. For instance, the interaction with a new scalar field could be 
introduced by extra terms in the Lagrange function which arise from those 
in the Lagrangian of the following pages containing a factor /c* by replace¬ 
ment of K* by On the other hand, it is important that a one-to-one corre¬ 
spondence should be possible between the states (eigenfunctions) with the 
external field and without. This is equivalent to saying that the number of 
conditions which the field and auxiliary variables (and their time-derivatives 
for integral spins) must satisfy at a definite time is not diminished by the 
presence of an external field. Otherwise, as is illustrated in Appemlix I by 
a special example with particles of spin 1, singularities occur when the 
external field is made to vanish slowly. In the main text, however, this 
requirement of the continued existence of subsidiary conditions in an 
external field is always fulfilled. 

This requirement also seems important for the second quantization of the 
fields, a topic not treated in detail here. It enables one, namely, starting 
from the commutation rules of (A), to make an expansion of the com¬ 
mutation brackets of all field quantities in powers of the charge e. It is 
to be remarked that with particles of spin greater than 1 the charge-densities 
at different points no longer commute. A closer study of this circumstance, 
which strongly distinguishes the spin values of 0, 1/2, 1 (cf. A, Introduction) 
is to be desired. 

As may be seen from our last section (§ 8), our aim was not so much to set 
up the most general possible relativistic equations for particles of higher 
spin but rather to show that, in the present state of the theory, the existence 
of elementary particles of spin higher than 1 cannot be excluded, although 
the theory for such particles is considerably more complicated than for 
smaller spin values. In this connexion it may be mentioned that we have 
been unable to generalize the field-equations which in the notation of (A) 
correspond to ki^lyOV the current-vectors for which q>l (cf. (A), I, II, HI 
and (6-6)). 
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I. SPIN 2 

2, DfiBIVATlOlir OF THE FOBOB-FBEB EQUATIONS FROM 
A VARIATION PEINOIPLE 

As an example of the theory of a wave-field corresponding to partioles 
of spin higher than 1 in interaction with other fields let us first consider the 
theory for spin 2. 

As was shown in (A) such a field is described in the absence of external 
fields by a symmetrical tensor Ao,, of second rank, whose trace is zero, 
satisfying the wave equation 

- K*Aa, ( 6 - 1 ) 

and for which the additional condition 

^f = o 

is fulfilled. In this the indices i, k run from 1 to 4 . (*,.) stands for (*, y, z, ict) 
and □ s V* — (1/c®) Summation over indices occurring twice is to be 

understood. It can be shown that the total energy of the field is positive 
only if the extra condition (6-2) is satisfied, i.e. if the vector ^A^J^x^ does 
not vanish it describes particles of negative energy. If one introduces 
external fields, this must be done in such a manner that after they have been 
shut off the condition (6-2) is again fulfilled, so that no new particles of 
negative energy should be created. 

In order to discover a correct generalization of equations (6-1), (6-2) for 
external forces we shall look for a variation principle 

SfLdQ^O, 

from which (6-1) and (6-2) can be derived. At this point it is useful to intro¬ 
duce an auxiliary scalar field C, on which L will be taken to depend and 
which is to be varied independently of An^. The introduction of (7 is an artifice 
yrhioh enables one to derive the additional condition ( 5 - 2 ) from the Lagrange 
fhnotion by variation. For simplicity let us assume that A^^ and C are 
“real’’ fields, i.e. 

C* * ( 7 . 

(Here the tensor conjugate to the tensor is equal to 

where n is the number of times 4 appears among the indices 
it k, and the bar denotes the complex conjugate. “Real’’ tensors are 
those for which « A^) 
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Tor the function L we make the following choice: 




^c«+„ ?2?2+Ma?2. 

dxj, dx^ * ^dxidzi dx^ Sof* 


(6) 


is of course symmetrical and fulfik the trace condition = 0, a fact 
which must be remembered when performing the variation. By varying 
A^ic C we obtain the following equations: 


2K^A^f^ — 2[2Aiff, — Uj 


dx^dx^ dXf.dXff 



d^c 

dXi dxic 


= 0| 


(7.1) 


2a.KHJ--2anC-- = 0. {7*2) 

OXf, OXfg 

Let us now determine the three constants Uj, a^, in such a way that 
dA^j^fdx^ and C vanish as a consequence of (7*1) and {7-2). For this we 
differentiate (7*1) with respect to and obtain 


2s:* 


dXi 




dXi ^2dXidx,dxJ * 0 ®* 


( 8 ) 


If we now put = - 2, the right-hand aide will only contain derivatives of 
the scalars C and 0®*, which latter we shall denote by A for brevity: 

s A. 

dXi dxic 

The equation (8) then becomes 


2^2 Mi* 
0®< 


0®fc ♦ 0®ft 


(8') 


This equation means that the vector dAiJdXi is the gradient of a scalar, 
and can therefore describe only particles of spin zero. 

Now let us differentiate (8) with respect to and obtain together with 
(7'2) the two equations 

2fc*,4 + n^-|aD(7 *0, (9) 

~A + 2o,<*G - 2o8nO » 0. (7-2') 

This is a linear, homogeneous system of equations for A and C. We now 
choose a, and a, in such a maimer that the operator determinant of the 
system shall never vanish; A and C will then vanish, and thus according to 
(8) also 0 iifi^/ 0 ® 4 , 
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One obtains the following expression for the determinant 

4 aj/c* + 2/c®(aj, —203)0 —(20j+!)□□, (10) 

If we put o* = - f, 2o, = ffl, = -f, 

then the determinant has the value — 3/f*, and sinoe k is supposed to be 
different from zero, it will never be zero. We therefore have 


^ = 0, 0 = 0, 

We are thus led to the Lagrange function 


dxi 


= 0 . 


L = + 


dxi dxi dx,. dXg 


^ 8dx,dx, dx,Wx^' 


( 11 ) 


and the corresponding field equations 

d^A 


2k^A 


ik ■ 


\0a:g9a;< 




dx^dxk 


IS i*in1 
- '*'0a:,0a:J 

d^C 


0Xi 0X» 


+i<y,fcnc = o, (12-1) 


.|.,2C + |a-.|^=0, (12.2) 

from which one can derive equations {5‘1) and (5.2), and also the equation 

0 = 0 , 

As we are interested in the influence of external forces on the field An^ 
it will be useful to use a notation in which the time is separated from the 
other co-ordinates. We shall therefore discuss equations (12*1), (12-2) from 
this point of view. 

The field in the example considered belongs to the spin value / = 2, and 
therefore gives 2/-t-1 = 6 states for a given direction and frequency. The 
differential equations for the fields and 0 are of second order. At a given 

time, therefore, one can prescribe the values of 5 components of Aj* and their 
time-derivatives at all points of space. Since the field A^j. has altogether 
(f+ 1)» w 9 components, there remain, together with the one component of 
0, 5 components and their first time-derivatives which cannot be given at 
will. That is to say, there must be 10 subsidiary conditions,* containing 

* We would like to point out tliat we im© the term ‘‘additional conditions’* in 
the aenae of equations not following from a variation principle giving the main 
equations (§ 2 , § 4 ), whereaa the term “subsidiary conditions” refers to equatiom 
derived from the variation but which have the effect of reducing the number of 
degrees of freedom. 
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perhaps higher space-derivatives, but only first deriTatiTes with respect to 
time, from which, if 5 components of and their time-derivatives are 
given, one can calculate the remaining ten quantities. These conditions 
can be derived from equations (12*1) and (12-2). 

In the above-defined sense the following equations are to be regarded as 
subsidiary conditions: 

G = 0, (13-1) 


dC 

dx^ 


= 0 . 


(13-2) 


Let us further consider (121) for i#4, ^ = 4. To be able to write the 
equation conveniently in this form we introduce Greek indices a, 
which run only from 1 to 3. We then get 


2k^A 




3® . 

• 2 — A , + 2- — 

“* dx^dx^ 

dx„ 9x. 


+ 2 


dM 


afi 


dXfidx^ 

dW 


dx„ dx. 


= 0, (a = 1, 2, 3). 


(13-3)... (13-6) 


These constitute three more conditions, since the second time-derivatives 
of A ,4 have dropped out. By adding the (4, 4)-component of (12-1) and (12'2) 
we get a sixth condition: 


2#fM44 - 


dxj 


dxjdx^'^ dx^ 


— ^K*C = 0. 


(13-6) 


Differentiating {12'1) with respect to x^ we obtain 


2*-2 Ml* + _ ? A 

Sxi ^ dxif^^dx, 43a:, 


□G==0. 


Combining this with (12-2) we obtain 


d Ajfc 3 dC ^ 

2 dx,f 


(13-7)... (13-10) 


The above equation holds for ^ = 1,.... 4. We have therefore found 10 sub¬ 
sidiary conditions. 


3. iNTHODtrOTION OK INTBEACTIONS 

The theory as presented up till now is equivalent to the theory in (A). 
By adding suitable terms to the Le^rangian we can introduce interactions 
with other fields. One must take care, however, that the subsidiary con- 
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ditions are not impaired. This would mean that the dimeni^onality of the 
manifold of atates was altered by ** switching on*^ the forces, and it turns 
out that these new states give rise to singularities when the field is switched 
off”, as we shall illustrate by means of an example in the Appendix. We shall 
here consider the effect of an electromagnetic field. 

In this case we must naturally assume that the fields and C are com¬ 
plex. Let be the four-potential of the electromagnetic field, e the charge 
of the particles. Then we have 


in. 



ie 

he 


4>k< 


We take the following form for L: 


L = 4 - ^lA^,^* Af, — 2nfA^, n* -{-f^^A^^Af, 

-f \{iirA,,ntc* -f nrA%n,c}- Ik^ in,enr(u) 

The term f^^Af^Af, (proportional to the field strengths) has been added 
because then the derivation of the subsidiary conditions is particularly 
simple, but it is not necessary. The I^grange function can also be brought 
into another form by partial integration, namely, 


L = K^AtA,,+mAi,-nM{nrAf,-ni‘Ar,}-n,A,,n*A:, 

_ +iiiirArknt C*+n*A%Th C) - f/7, CUT c*. 

Performing the variations with respect to A*,, and C* one obtains the 
equations 

+ 2WAtu - 2{77, H.A.^ + 77,77.^., - i#,, 77,77,^,,} 

-fA:*C-|77*C' + 77^77,^„ = 0. (152) 


We shall now show that again 10 subsidiary conditions follow from these 
equations. We obtain three such conditions from (15'1) by putting ^7^4, 
h *= 4: 


2K^Ag^^•^2^^A^—211,^11 fA^fj—2^^^^A^^~2^^^^A0^ 

+LrAri+UAf,,-¥n^n^c^f^,c - o. (le-s)... (le-s) 

(a, /? - 1, 2, 3; r = 1, 2, 3, 4). 

Adding the (4, 4)-oomponent of (15-1) to (15-2) gives another: 

2<f*A„ + 277|A44 + 2/7.77^A.^-77»C-f/r«0 = 0. 


(16-6) 
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Applying the operator /4 to (16-1) and naing j[15'2) ginrea four suae: 

-|^*77;fcC + t/«/7,C+J|^C =. 0, (16-7)...(ie-10) 

{k = 1, 2. 3, 4). 




Using (15*2) we obtain from this the subsidiary condition 

i ^05,8a:/'" 


The tenth condition is found by differentiating (16'1) with respect to the 
time. One then obtains an expression containing the second time-derivative 
of (7, A A a4 and A 44 , but these can be eliminated with the help of equations 
(16’1), (16’2) and the time-derivatives of (10’3)-(16’6). We shall not give 
these rather confusing calculations but content ourselves with the know¬ 
ledge that the 10 subsidiary conditions exist. 

The expression for the electric charge-current vector is obtained by 
forming the derivatives of L with respect to the four-potential. One finds 


-f-Aj*i7,Art+A,*, 77/ A*j 

- \{c*n,A,^+cn*AX+Ain, c+A^n* c*} 

+l{c*n,c+cn^c% 

where J5[4*5aHi(i7j.A4;-/7(Ajy). For the force-free case, when Uj^ becomes 
- idjdXfi, this takes on the form given in (A). If one omits from L the term 
proportional to the field strengths one obtains an expression which is different 
from the above even in the force-free case, namely, 

dA^ 4 9A«] 


e 
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This t^ows that the expression for the current in the litnitin g oaae of no 
forces is not unique, a point which incidentally arises already for the oase 
of spin 1. 


II. SPIN 3/2 

4. Theory with ho eorcks 

In (A) it was shown that a force-free wave field corresponding to particles 
of spin 3/2 was described by spinors 

ajy = = b^^. 


which go into one another by reflexion. They satisfy the equations 



Pafif>^/+Pflf>S7 = 

(17-1) 

together with the conditions 



p/ajy = 0, 

= 0, 

(I7’2) 


1 0 

where with = (o*, o*', o*, 

(of. also the explanations in the Appendix. We only wish to point out here 
that crff is the Hermitian conjugate of—o*^). The second order wave 
equation for and follows from these equations. 

The additional wnditions (17’2) mean that no particles of spin 1/2 are to 
be present. Fields which contain particles of spin 1/2 as well as of spin 3/2 
have no longer a definite form for the total charges in the c-number theory 
and so cannot be quantized in accordance with the exclusion principle. On 
the other hand the latter is physically necessary in order that the energy 
should be positive in the g-number theory (of. (A)). Equations (17’1) and 
(17’2) can, as in the previous oase, be derived from a variation principle if 
one introduces auxiliary variables c, and d^. A suitable choice of the con¬ 
stants in L again causes the quantities c^, d^, P^bif (which belong to 

the spin value to vanish as a consequence of the field equations in the 
force-free case. One has to choose for L the following: 

+ + conjugate} 

+ 3{d*‘‘p,fid^+c*iP*^Cf}+6K{d**e^+d*c*i}. (18) 
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(19*1) 


(19-2) 


Variation gives the equations 

2Kby^ 

2Kat^bf-p^/^bi^ +p'^fC^ +y«C/f 

-P^yOtft + ^Pa$^ + S'fC# = 0,1 

- py/ibf + 3jj“%+6/rd'* = 0. j 

One can now deduce from these equations that and vanish, as well as 
that (17*2) is valid. To do this let us apply to the first of equations {19* 1) 
and to the first of equations (19*2), remembering that 

p^^pfiy = SjD, p^f^y = e^yD. 

One finds 2Kpy^b'*^—p'^i’pyfa^p-¥2\Dd^ “ 

-p'^<‘pyfa^p + 2nd^ + &Kp^fiCf = Oj 

By subtraction it follows that 

2/c{pv^6*^-3p'*4^} = 0. 

Comparing this with the second of equations (19-2) wo see that 

d‘*=0. 


( 20 ) 


Similarly one shows that the reflected quantity c„ vanishes. Equations 
(17-2) then follow from (19-2). Equations (19-1) take the form 

Kb\^ =■ yPOy^.l 

from which follows the wave equation for a^y and 6*^. 


6. Inteoduotion of forces 

One can now again introduce electromagnetic forces by replacing p^f by 
77,^, where 77,^ is the spinor corresponding to the 77^ already defined. One 
then has the following equations; 

2/r6*/^-77^^a*p-77*/’a^p + 77^yd‘‘+7T*yd^ = 0,1 

2Kaip~n^^bf-nf^bt^-\-WfC^-^n\Cf^Q} 

-77^^o|^ + 377g^d'*+6<cc, - 0,1 

- ny^h^/ + 377^Ac^ + 6/cd^ - O.j ' ' 

Eight subsidiary conditions must follow from these equations, which in the 
force-free case must lead to the vanishing of c<,, d*, and the validity of (17*2). 
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As the eqiiations (21'1), (21*2) are of first order in the time dmvatives the 
subsidiary conditions must not contain any time derivatives at ail. Applying 
77’'^ to (21‘1), 17“^ to (21-2) we find, analogously to the previous case, 

2Kny^b(^-l(ny^np^+np^ny^)a^^-nr^n‘'>a^^f,+f/d^-3iPd^ = o, 

- IJ^PUy^a^i, + - 3/7«d'* + ^kUp^ = 0, 

where we have substituted 

= W+V//. 

being the symmetrical spinors corresponding to the electromagnetic 
field strengths. 

Subtracting the two equations we obtain 

2Kny^h^/ - 2fyPa^^ - 2f/d^ - GkIIp’c^ = 0 . ( 22 ) 

If we now compare this with the second of equations (2 P2) we find 

= (23) 

Similarly the reflected equation follows: 

(24) 

This gives four subsidiary conditions. To be able to find four more we must 
separate time and space derivatives in (2M), (21’2). For this we consider 
these equations in a co-ordinate system in which the time co-ordinate is 
fixed and therefore only require invariance under rotations of space. The 
spinor is then equivalent to s,, and 77“^ is equivalent to 77^^, where 

= i <pn^- 

When written in this form the equations contain TI^ explicitly as well. The 
first equations in (2M), (21-2) become 

2AC6j(^_ y — yp — y^ y^ — ilr^dp^ 

+ n^yd, + ie^yUtd^ + n^ydfi ie^yU^df = 0, (26) 

- nfyay^ -h iUtefyay^ -f 377/d^ -I- 3t77«d. -i- 6icc. = 0. (26) 

We now multiply (26) by e^y and obtain 

2«6,a, ^ ^ 

•¥ n^d^-¥3in^d^+n^^dfib. 


(27) 
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Fonning the difference of (27) and (26) we obtain 

2Kb,fi + fip +^ 

+ /7/d. - 2/7/d^ - Qkc, - 0. (28) 

Similarly for the reflected equation we find 

^ pf + / 7 ./^, + Tlfyb^^ 

+/7/c. - 2/7/c^ - 6/fd. = 0. (29) 

Equations (28) and (29) constitute 4 more subsidiary conditions. As a 
consequence of these 8 conditions the dimensionality of the states is un¬ 
altered by a field, and we can develop the theory in powers of the charge. 
In conclusion we give the current-charge density vector 

+ + conjugate} - 3{dJ d^+ C^c,]. 

For the force-free case this reduces to the expression which was denoted by 

«a/l in (A). 


III. REST-MASS ZERO 


6 . Spin 2 

One can set k equal to zero in the formulae derived above for and C 
and so obtain a theory for zero rest-mass. The equations then run 







0 , 


(30-1) 


luc 


^ ^ 0 

ax, a** "• 


(30-2) 


It no longer follows from these equations that C and vanish. 

Nevertheless, there are four identities which follow from them. For if we 
differentiate (30-1) with respect to x<, (30-2) with respect to x^, we obtain 
in either case 


JD 


dc_ 

dxu 


a a».4rf 

dXffdXfdxt 


0, (fc = 1, 2, 3, 4). 


(31) 


Thus by subtracting the two we get identically zero for each value of k. 
As a result of these identities it is possible to construct quantities A.\u> ^ 
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from an arbitrary vector field/^, which satisfy the field equations identically* 
Let us write 


JO ^ ^fi . ^fk 

dxjc dxf 






(32) 


One can easily verify that the Lagrange function to which ( 11 ) reduces on 
setting K equal to zero is altered by the “gauge transformation 


(7^C+C^ ) 


(33) 


only to the extent of a complete dilferentiaL 

The formulation in (A) is the same as the one her*e if one chooses the 
gauge in such a way that 




-0, 


which is analogous to the Lorentz condition for the electromagnetic poten¬ 
tials, This condition restricts the gauge transformations to the group dis¬ 
cussed in (A). The present scheme is identical with Einstein's “ first approxi¬ 
mation" of the gravitational equations. 

Einstein ( 1916 ) considers the equations for the gravitational field in the 
cases when the deviations from a Euclidean metric are small quantities of 
the first order. We write 

9ik = ^ik'^yik* yu ^ 7 - 

Now let us write - ^ik'^k^ik^'y y =‘ C. 

We obtain the following differential eq\iation 8 for y^^: 








dx^dxf^ dx^dxi dx^ 






(34) 


These equations are ~the same as those that Einstein gave for space con¬ 
taining no matter. 

The gauge transformation (33) occurs in the gravitational theory as an 
infinitesimal co-ordinate transformation. When interactions with matter 
occur and it is no longer sufficient to restrict oneself to the linear terms the 
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gauge group is altered. This keeps the dimenraonality of the possible trsns-^ 
formations unchanged; four functions of position always remain arbitrary. 
It is well known that the existence of an energy-momentum tensor is 
closely connected with the invariance of the gravitational theory under 
these transformations. Similarly, the gauge invariance of MaxweU’s theory 
is connected with the conservation of charge. 

7. Spin 3/2 

Setting K equal to zero in the equations for spin 3/2 gives 

= 0,1 

+ = O.i ' ’ 

From these equations there follow four, or if we follow the procedure of 
Majorana ( 1937 ) and impose reality conditions on the field quantities, two 
identities. For, differentiating (36) with pi>, (36) with we find in both 
cases 

= 0 (A= 1, 2), 

and similarly for the reflected equations. One can therefore find solutions 
with the help of spinor fields of first rank/^, g^, which satisfy the equations 
identically. Let us write 

= Pjffi+Pfl'^fai = y “/«;] 

60 ^/' = Py^g^-\-py^g'^\ d^f) = p^^g^. I 

The effect of the transformation -t- o2a> • • • o” Lagrange 

function is again to add a complete differential. 

Whereas the theory for the spin value 2 has an important generalization 
for force fields, namely the gravitational theory, we here have no such 
coimexion with a known theory. To get a generalization of the theory 
with interactions, one would first of all have to find a physical interpretation 
of the gauge group, and of the conservation theorem connected with this 
group. 


8. Genbeal case of abbitbaby spin 

To set up a theory with forces for particles of arbitrary spin one again 
first looks for a variation principle from which the equations of (A) can be 
derived. The forces can then be introduced by suitable modifications of the 
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Lagrange function. For instance, the effect of an electromagnetic field can 
be described by replacing — by 77^.. In generalizing the method which 
we have already used for the spin values 2 and 3/2 we must again introduce 
auxiliary fields, which, in the force-free case, vanish as a consequence of the 
field equations. To illustrate the method it will be sufficient to discuss the 
case of integral spin. 

We start from a tensor j, of rank/, symmetrical in all its indices 
and whose trace A{i j vanishes. Let us further introduce auxiliary fields 
of rank/—2,5,1, 0 which are likewise all symmetrical and of zero 
trace; there may be several fields with the same rank, which we shall dis¬ 
tinguish by an index t. The general field occurring in the Lagrange function 
we shall thus denote by Af^ i, k, i being tensor indices, with respect 
to which the field is symmetrical, and t distinguishes the different fields of 
rank s. The index s takes the values 0,1,2,/. In general with a field A^ 
of rank s one can associate s +1 kinds of particles, i.e. those of spin «, 
s — 1, 1,0. The Lagrangian must bo so constructed that in the end only 

those of spin / occur. Or we can say that as a consequence of the field 
equations all the fields corresponding to {larticles of spin/— 1,..1,0 vanish. 
For L we choose the following: 


« ( L 




ik. 


dxi 


dxi 




dZi 


dZr 




?!“• 0ir )J’ ‘ ’ 


where af, are constants which must be so chosen that particles 

of spin 8 do not occur. In order to get the requisite number of constants we 
introduce auxiliary fields whost^ number is given by the following table: 


t 

Number of 

Number of 
particles of 

Corresponding 
number of 


fields of 

spin s to be 

constants at 

B 

rank b 

removed 

our disposal 

/-I 

0 

1 

1 

/-2 

1 

2 

2 

/-8 

1 

3 

3 

/-* 

1 

4 

4 

/-6 

2 

6 

7 

/-« 

3 

3 

14 

f-n 

n-3 

i(n-2)(n-3) + 3 

2(n-3)*-n + 2 


One sees from the table that in this way there are more constants than ore 
neoessaiy. One can therefore construct the Lagrange function in many ways 
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such that the same force-free theory follows as in (A). We have not yet been 
able to find any simple way of avoiding this ambiguity. In particular, it is 
impossible to manage with only one field of each rank, for one would then 
obtain n particles of spin f—n and for n > 5 only 4 constants to remove them. 

A completely analogous procedure also works for half-integral spin. The 
only difference lies in the fact that the Lagrangian contains derivatives of 
first order only, leading to a slight difference in the number of constants. It is 
to be remarked that already for 5/2 one must introduce two fields corre¬ 
sponding to spin 1/2. As the method is otherwise the same as for integral 
spin there is no need to go into the details. 


Appendix 


(1) Forma of Lagrangian leading to aingtdar aolutiona 

As we have already stressed, if one wants to modif y the Lagrange function 
of the field for particles of spin ^ 1 in a manner corresponding to the inter¬ 
action with other fields, one must take care that the number of restrictive 
conditions is not diminished. For then the switching on of the forces would 
create new particles whose corresponding particular solutions of the 
equations become singular when the field is switched off again. 

As an example of this we shall give an inadmissible form of interaction of 
particles of spin 1 with a scalar field Let us write 


L = -h 



The field equations are 




dX{dX)i 


From these follows 


8A^ 

8xi 



(38) 


(39) 


When this is a subsidiary condition for which is, however, removed 
by the interaction. 

To study the character of the new solutions arising from the interaction 
with \lf let us make the assumption that A( and ^ dej^end only on the time. 
Then we have 
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The equation for is of interest since it contains It runs 





(40) 


Let us suppose that \}f changes so slowly that d^jdx^ can be neglected. We 
have then approximately 

f ^ * 

The waves A^ therefore correspond to a mass Kj^xjr. This mass is imaginary 
for negative ^; for == 0 it becomes infinite. One therefore obtains strongly 
singular solutions in the limit 0. Equation (40) can be solved explicitly 
if one takes for \(f the form 

^ = ± a > 0. 


One finds 


^4 


^ const. 

. 




where ^ denotes the imaginary part, and is a Bessel function of first 
order. diverges exponentially as approaches zero from negative 
values. 

(2) Rules for spinor calctilus 

In the following we shall collect a few definitions and rules of spinor 
calculus whicii have been used in the previous pages. 

(1) Spinor indices are raised and lowered according to the following rule: 


( 1 ) 

The scalar product of two spinors is accordingly 

= ^1^2“ Vl* (2) 

This can be expressed in terms of the invariant spinor 

ei2 === ^ L <^11 = ^22 = fi- 

Thus to raise a suffix one applies on the left, to lower, on the right. 

The transition from spinors to four-dimensional tensors is done by 
means of the matrices where k runs from 1 to 4, a and (i from 1 to 2. 
They are defined by 



(3) 


15*2 
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(This differs from the notation of v. d. Waerden ( 1932 ), who uses « /. 
The above is more convenient here as we are using the imaginary co-ordinate 
X 4 icL) From ( 1 ) it follows that 

As the trace of cr^ vanishes for k = 1 , 2 , 3 we have the following rule: 

^ for 4=1, 2, 3, 

The cr*’ satisfy the commutation rules 

^ 

One puts a four-vector a^. in correspondence with a sf)inor with the 
help of the as follows: 

«a/? = “fcO"*/!- (5) 


Conversely we have 

= - 2 o*. 

( 6 ) 

The four-vector can also be an operator, for instance — id/dz/^. 
components of a* commute with one another, 

If the 




then it follows from (4) that 



= -o*V.l 

Ui^ay^ = -a*d/,j 

(7) 

where a 



In particular for the spinor 

1 3 fc 

( 8 ) 

it follows from (7) that 


(9) 

where 

□ 

tn 


Again, if 

TT ^ ^ ® M 

( 10 ) 

then we have Fliflli- 


( 11 ) 
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As the components of 77 * do not commute with one another we have, 
from (4) 

= -77*^/+/^^ (12) 

where crf^er'- = S/f^^+ 

(is) 

is the spinor corresponding to the field strengths (cfi Uhlenbeck and Laporte 
1931 ), with the property that 

/.*=// = 0 . 

Besides the commutation rules (4) the tr^p also satisfy the relations 

/c=»l 

Let us now consider tlie tensor of second rank corresponding to the 
symmetrical spinor 

y9 ” yS ^y' 

It follows at once from (14) that its trace vanishes, 

Hu = 0 - 

Summary 

The force-free theory of particles with arbitrary spin values already 
published by one of the authors is generalized to the relativistio wave 
equations of such particles in an electromagnetic field, with a preliminary 
restriction to the c-number theory. The spin values 3/2 and 2 are treated in 
detail, and for the general case it is merely proved that consistent wave 
equations exist. The consistency of the system of field equations is attained 
by deriving them from a Lagrange ftmetion containing suitable additional 
terms which depend on new auxiliary quantities. All the difierential 
equations of the field are derived by variation of the action integral and 
the va nishing of the auxiliary quantities in the absence of an external field 
is made to follow as a consequence of them. 

In the special case of zero rest-mass there exist identities between the 
equations, which are now invariant under a group of transformations which 
is the generalization of the group of gauge transformations in Maxwell’s 
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theory. In the particular case of spin 2 , rest-mass zero, the equations agree 
in the force-free case with Einstein’s equations for gravitational waves in 
general relativity in first approximation; the corresponding group of trans¬ 
formations arises from the infinitesimal co-ordinate transformations. 
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Defect lattices in some ternary alloys 

By H. Lipson, D.So., 

Crystallographic Depcurtment, Cavendish Laboratory, Cambridge 
ANP A. TAYIiOR, Ph.D., 

Chemistry Department, King's College, Newcastle-upon-Tyne 

{Communicated by A. J. Bradley, F.R.8.—Received 9 June 1939) 

In the work on ternary alloys with which the authors have been asso¬ 
ciated (Bradley, Goldschmidt, lipson and Taylor 1937 ), the most out¬ 
standing feature has been the large range of composition over which the 
(body-centred cubic) structure exists. This was not unexpected in the 
system Fe-Ni-Al (Bradley and Taylor 1938 ), where PeAl and NiAl both 
have this structure and thus may be expected to be isomorphous; but 
CuAl has quite a different structure, and it was therefore surprising to 
'find the /3 phase-fields extending towards this composition in the systems 
Cu-Ni-Al (Bradley and Lipson 1938 ) and Fe-Cu-Al (Bradley and Gold¬ 
schmidt 1939 ). 

These extensive phase-fields provide an opportunity for a more detailed 
examination of the phenomenon of the occurrence of defect lattices which 
takes place in the Ni-Al system (Bradley and Taylor 1937 ). In the 
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phase-field of this system a maximum occurs in the lattice-spacing curve 
almost exactly at the composition NiAl, the reduced spacing with the 
addition of aluminium being associated with the omission of nickel atoms 
from the lattice points. The present paper is an aoooimt of an investigation 
into the efiect on this phenomenon of the addition of iron and copper. 

The Fe-Ni-Al system 

The limits of the phase-field have been investigated by Bradley and 
Taylor ( 1937 ). The spacings of the alloys have been measured, and from 
the results a diagram showing the contours of constant lattice spacing 
has been drawn. This is shown in figure 1 . Although the number of points 



Atomic % Al 

FiotJEE 1. Contourfl of constant lattice spacing in the /? Fe-Ni-Al phase-field. The 
contours are all above 2*8 A, and are identified by the throe figures succeeding this* 
except in the case when the value rises above 2*9 A. The broken line is that of 
eleotron/atom ratio = 1‘60. 

at which the spacing has been measured is not large, the rapid variation 
with the addition of aluminium in general makes the fixing of the contours 
fairly accurate. In the middle of the diagram, however, there is a region 
of almost constant spacing and the contours here are necessarily indefinite. 
It will be seen that the maximum in the lattice-spacing curve of the 
Ni-Al alloys is continued into the ternary diagram, but to a decreasing 
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extent as the composition FeAl is approached. This suggests that there 
should be loss of atoms on the aluminium-rich side of the Tnayimiinn ^ which 
coincides fairly accurately with the line of 60 atomic % aluminium. This 
was verified by measurement of some of the alloys and the results are shown 
in table 1 . The density measurements, made by weighing in air and in 
toluene, are probably correct to about 1 %. 


Table 1 



Atomic composition 




No. of 

, — 


-- 

Lattice 


atoms per 

Pe 

Ni 

A1 

spacing 

Density 

unit cell 

160 

400 

46 0 

2-8830 

6-06 

2-01 

200 

36-0 

450 

2-8821 

6-96 

1-98 

30-0 

260 

46-0 

2-8839 

5-94 

1-98 

125 

37-6 

600 

2-8823 

6-84 

2-00 

17-6 

32-6 

600 

2-8830 

6-74 

2-00 

260 

260 

600 

2 8833 

5-74 

1-99 

37-6 

12-6 

60-0 

2-8903 

6-66 

1-99 

100 

360 

650 

2-8635 

6-22 

1-81 

20-0 

260 

66*0 

2-8662 

5-06 

1-78 


The Cu-Ni-Al system 

The extent of the /? phase-field has been determined by Bradley and 
Lipson ( 1938 ). It is much more limited than in the case of the Fe-Ni-Al 
system, and the number of alloys is much smaller. This makes the drawing 
of spacing contours much less definite, and a diagram is not given. The 
lattice spaoings and densities of all the ^ alloys were measured, as well as 
those of some of the alloys containing a trace of another phase. The 
calculated number of atoms per unit cell for the various compositions is 
shown in figure 2 , It will be seen that the line along which loss of atoms 
begins can be fairly accurately drawn, and it does not coincide with the 
line of 60 atomic % aluminium. Approximate contours of constant number 
of atoms per unit cell are also shown in figure 2 . 


DlSOtTSSION OF THE BE.SXTLTS 

Size effects alone are insufiicient to explain the data. In the alloy NLAl 
cube comers are occupied by aluminium and cube centres by nickel, and 
it appears possible that the omission of atoms with the addition of aluminium 
is due to the inability to squeeze a large aluminium atom in the place of 
a smaller nickel atom. Since the copper atom is about the same size as 
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nickel, it might be expected that the two might be replaceable, but the 
above results show that vacant spaces are left even when there is a deficiency 
of aluminium atoms. In other words, some of the copper is replacing 
aluminium and leaving vacant some of the sites allotted to nickel. 

A more searching explanation is therefore required. To this end we have 
tried to apply the theory of Jones ( 1934 ) in a way similar to that used by 
Konobeevsky ( 1938 ) to explain the sequence of phases in the Cu-Al system. 



Atomic % A1 

FioUIib 2, Numbers of atoms per unit cell in the Cu-Ni-Al phase-field. Approximate 
contours of constant number of atoms per unit cell are shown. The broken line is 
that of elootron/atom ration:: 1-50. 

Aluminium has tliree valency electrons, and nickel, when its r/-shell has 
been filled, has none. Thus the alloy NiAl has 1-5 valency electrons per 
atom. This number is just in excess of that required to fill the inscribed 
sphere of the Brillouin ssone which is bounded by the pianos {110}, and 
so the composition is that at which the energy of the electrons begins to 
inoreaae rapidly (Mott and Jones 1936 ). In other systems this increase 
usually manifests itself by the termination of the single-phase field, but 
in the Ni-Al system the increase is avoided by the omission of atoms. As 
the number of valency electrons per atom increases, the number of atoms 
per unit cell decreases in such a way that the number of electrons to be 
accommodated within the Brilloxiin zone remains constant. This is shown 
in table 2 . 

These relations, however, follow equally weU from spatial considerations, 
which limit the number of aluminium atoms to one per unit cell. Since 
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nickel contributes no electrons, the number of electrons must also be limited 
to three per unit cell. Distinction between the two theories can be made 
only by the introduction of a third element. The spatial theory requires 
that the loss of atoms should take place when the concentration of 
aluminium exceeds 50%, whereas the electron theory requires that it 
should occur when a definite electron/atom ratio is exceeded. That the 
latter is true is shown in figure 2, in which a line has been drawn for the 


Table 2 



No. of 

No. of 

No. of 

Atomic % 

electrons por 

atoms per 

electrons per 

nickel 

atom 

unit cell 

unit cell 

49*6 

1-51 

200 

3*02 

48-9 

163 

2*00 

3*06 

48*4 

166 

1*96 

3*04 

46-6 

1-60 

1*80 

3*02 

45‘2g 

1*64 

1*84 

3*02 

40*0* 

1*80 

1*67 

3*00 


* Thia is the ideal composition of the next phase-field (Ni.Al,), which has been 
shown (Brewlley emd Taylor 1937) to result from a continuation of the omission of 
atoms from the p structure. 


©loctron/atom ratio 1’60. It will be seen that on the aluminium-rioh side 
of this line atoms are omitted from the lattice. This is also true for the 
Fe-Ni-Al system (figure 1) but, since iron and nickel both contribute no 
valency electrons, the results do not distinguish between the two theories. 
Definite evidence, however, is also provided by the Fe-Cu-Al system, in 
which Bradley and Goldschmidt (1939) have shown that alloys with 
60 atomic % of aluminium have vacant sites in the lattice, the defect 
increasing as copper is added. 

That the theory is not complete, however, is shown by the breakdown 
of the quantitative agreement shown in table 2, when the Cu-Ni-Al 
alloys are considered. The number of electrons per unit cell reaches the 
value 3'38 for the alloy richest in copper. It may be significant that the 
contours of constant number of atoms j)er unit cell tend to coincide more 
nearly with lines of constant aluminium concentration as this concentration 
increases. Since aluminium is so much larger than both nickel and copper, 
this would suggest that the atomic size-factor is of great importance in 
determining the rate of loss of atoms as aluminium is added, although the 
valency electron/atom ratio is the essential fact in determining its 
inception. 
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Summary 

In the Ni-Al system the solution of aluminium in the NiAl (body- 
centred cubic) structure has been shown to be accompanied by an omission 
of nickel atoms from some of the lattice points. A study of the Cu-Ni-Al 
system shows that the omission of atoms begins at a line of constant ratio 
of valency electrons to atoms, and this is supported by evidence from the 
systems Fe-Cu-Al and Fe-Ni-Al. 

These results may be explained by the accommodation of electrons in 
the Brillotiin zone. If the electrons fill the zone to a given energy level 
(which, in this case, is very near to the inscribed sphere of the zone) then 
the number of electrons per unit cell should be constant. It is shown that 
this is 80 for the Ni-Al system, but it is not true for the Cu-Ni-Al system, 
the number of electrons in the zone increasing as copper is added. 
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A quantitative study of pleochroic haloes 
IV. New types of haloes 

By G. H. Henderson and F. W. Sparks 
DaJhousie University^ Halifax, N,S. 

{Communicated by J, Chadwick, FM.S.—Received 3 July 1939 ) 

[Plates 6 - 8 ] 

The commonest t3^e of pleochroic halo found in nature is that due to the 
uranium family. A second, rarer, type is recognized as being due to the 
thorium family. In addition, compound uranium-thorium haloes have 
been observed. 

In this paper four further types of haloes are described, three of them for 
the first time. In order to avoid any premature implication as to their 
origin they will be referred to simply as types A, B, C and D.* It is further 
shown that the ring radii of these four new types agree within the limits of 
experimental error with the ranges of certain a particles emitted by ele¬ 
ments belonging to the later portion of the uranium family. It has seemed 
best to postpone a full discussion of the origin of these haloes until the next 
paper in this series, and to restrict this paper largely to a consideration of 
observations and measurements. For the sake of completeness, however, 
certain results of later discussion have been anticipated in the present 
paper, which should be read in conjunction with the next. 

CLAS.SIFICATION PKOOEDITRK 

A large number of mica specimens from all parts of the world have been 
examined in this laboratory. Most of the specimens have been biotites, 
though a number of allied minerals have also been examined. In aU cases 
the specimens have consisted of crystals which have been split by fine 
tungsten needles. No rock sections have been used. 

No two haloes are ever exactly alike when examined under the microscope* 
When, however, a large number of haloes from different biotite specimens 
are observed to have substantially identical and distinctive structures, an 
elementary type may be deemed to have been recognized. It is on this 
basis that the six types already referred to have been established. 

♦ A preliminary acoount of these haloes was given by Henderson ( 1937 ). 

[ 288 ] 
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It ie necessary that only thin central sections of the haloes be considered, 
since the appearance of thick or of non-central sections is often deceptive. 
Furthermore, the central nucleus of the halo must be small. It is then 
found that the great majority of all haloes which are reasonably sharp fall 
into one of the six groups or tlieir compounds. A small proportion defies 
classification, mainly because of peculiar bleaching eifects in haloes occur¬ 
ring in some biotite specimens. The classification of a halo always introduces 
a personal factor in exercising discrimination. However, a considerable 
experience in examining lialoes, shared by eight observers over a period 
of several years, leads us to believe with some confidence that each of the 
six types is a distinctive elementary type of halo. The number of such types 
is not, of course, limited to six; there is indeed some evidence of other types, 
probably thorium analogues of those here discussed, but the evidence is not 
as yet conclusive. 

The procedure of classification adopted for all haloes is as follows. When 
the biotite has been split sufficiently thin, small pieces of it containing 
haloes in central section are mounted on a microscope slide with Canada 
balsam and coverglass. A map of each slide is made on a card, and each 
halo is then classified under the microscope, the type assigned being marked 
on the card. The most perfect and sharply defined of these haloes are then 
selected and recorded by the halo photometer. The interpretation of a 
record usually agrees with that of the visual examination. It may occasion¬ 
ally happen that a ring which has been recognized under the microscope is 
not discernible on the record and vice versa, mainly because flaws in the 
mica may mar the records or may render difficult the discrimination between 
two halo types. The possible ])resence of compound haloes is also a disturb¬ 
ing factor. Even in the few cases in which such lack of agreement occurs, 
no change is subsequently made in the original visual classification, to 
avoid any risk of biasing the classification. 

Finally all the rings occurring in all the records of a single type of halo 
are included in a distribution curve wherein the number of rings whose radii 
lie within a small radius interval is plotted against that radius. Such 
distribution curves for all six halo types are shown in figure 11. The four new 
types of haloes will be discussed individually in succeeding sections of this 
paper, but it may be pointed out here that the distribution curves corrobo¬ 
rate the scheme of classification. For instance, type C haloes are classified 
visually as having three main rings, while the corresponding distribution 
curve shows three main groups containing approximately equal numbers of 
rings. Cases where weak groups appear in the curves will be considered 
individuaJiy later. 
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Haloes of type A 

This type has a very simple structure, figme 3 (plate 6), consisting of a 
dark disk with a sharp outer boundary. They have been found in all stages 
of darkening from a faint to a heavily blackened disc. In the denser haloes 
the darkening is most pronounced at the centre and at the outer edge of 
the disk. The process of development of this halo seems to consist solely in 
the progressive darkening of the disk, since nothing has been observed of 
the addition of further rings as in the development of uranium and thorium 
haloes. The nuclei of these haloes are usually small, though they occasion¬ 
ally reach a diameter as high as 2 or 3 //. 

These haloes are undoubtedly of the same type as that described by 
Joly (1917), and named by him “emanation” haloes. They have also been 
reported by Henderson and Bateson (1934) in the first paper of this series.* 

A number of type A haloes have been measured by the halo photometer. 
This is an instrument which gives automatically a record of the blackening 
across a halo diameter. Reference may be made to previous papers in this 
series for details of this instrument and of the methods of measurement. 
A typical record is shown in figure 7 of plate 7 (cf. also I, figure 3 , plate 6 and 
figure 10, plate 7 ). The result of the measurement of a number of records is 
shown in table 1. The second column shows the mean halo radius in 
microns. (A correction for errors in the test plate has been applied as in 
III.) The third column shows the air equivalent of this radius in cm. at 10° C 
and 760 mm., using the conversion factor; 1 cm. of air equivalent to 
4 * 89 /a of biotite. In the fourth column is the number of rings used in com¬ 
puting the mean. In the fifth is the probable error of the mean radius. 
This is due to random errors only and does not include systematic errors. 

The statistical distribution of the ring radii obtained from all the records 
is shown in figure 11. The abscissae are the radii in microris and the ordinates 
are the numbers of clearly defined rings, grouped in intervals of one micron. 
It will be seen that nearly all the rings fall into one sharp group. A small 
group of somewhat larger moan radius is also seen on the curve. It is 
probable that the infrequent rings in this group appear in compound haloes. 

A haloes are fairly common and have been found in considerable numbers 
in biotites from Huron Claim, Man., Wilberforce, Ont., and Star Lake, Man. 
They have appeared less frequently in biotites from Mt. Apatite, Maine, 
Murray Bay, Que., Weissman Mine, Dill Tp., Ont. and Dingwall, N.S. 

* The previous papers of tiiis series will be referred to subsequently as I, II and 

m. 
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Haloes oe type B 

These haloes have two rings. The blackening is never very intense, and 
the rings are usually slightly fuzzy at the edges. A photomicrograph is 
shown in figure 4 , plate 6, and typical photometer record in figure 8, plate 7 . 
The result of measurements of records for a number of B haloes is given in 
Table I and the ring distribution curve in figure 11. These haloes, which have 
not hitherto been described, are not very common, having been found in 
quantity only in biotites from Wilberforce, Ont., and Cottman St Quarry, 
Philadelphia. 

From figure 11 it will be seen that rings are occasionally found between the 
two main rings, though not in sufiicient numbers to form a very distinct 
group. It is probable that these rings may be due to haloes of type C 
wrongly classified, for these are sometimes difficult to distinguish from 
type B. 


Haloes of type C 

As viewed in the microscope these haloes show three sharply defined 
rings, two fairly close together and the third of considerably greater 
diameter. The intermediate ring appears less intense than the other two. 
All three rings are visible in even the faintest lialoes, there being no gradual 
addition of one ring after the other, as in uranium and thorium haloes. The 
blackening in these haloes is generally greater than in B haloes, but is 
never so intense that the irmer rings are obliterated, as often happens with 
uranium haloes, A photomicrograph of a typical halo is shown in figure 6, 
plate 6, and a typical photometer record in figure 9 , plate 7 . 

The results of measurements of these records are shown in table I. The 
distribution curve is given in figure 11, which shows in addition to the three 
main groups a much weaker group, which may possibly be due to the 
actinium family, C haloes are fairly common. They have been found, for 
instance, in biotites from Cottman St, Quarry, Philadelphia, Cheddar, 
Ont., Weissman Mine, Ont., Murray Bay, Que., Portland, Conn, and Star 
Lake, Man. These haloes have not hitherto been described. 


Haloes of type I) 

These ate of the simple disk tyjie, smaller in diameter than type A. 
They are not so sharply defined as the latter, being usually fainter and 
Bhowiug a more diffuse outer edge. The blackening is fairly imiform, there 
being no increase of darkening towards the edge. The nuclei are in all caaes 





relatively large bo that the edge is of 
probable that the nuclei are only slightly 
radioactive, so that haloes arising from 
large nuclei only are measurable with 
the photometer. 

A photomicrograph of several un¬ 
usually dense D haloes is shown in 
figure 6, plate 6, and a photometer 
record in figure 10, plate 7 . The dis¬ 
tribution curve in figure 11 shows a 
single group whose mean radius is given 
in table 1. These haloes, which have 
not hitherto been described, are fairly 
common. They have been found, for 
instance, in biotites from Cottman St. 
Quarry, Philadelphia, Cheddar, Ont., 
Huron Claim, Man., Wilberforce, Ont. 
and Star Lake, Man. 

Compound haloes 

These haloes occur when the halo 
nucleus contains two (or more) radio¬ 
active substances which give rise to two 
halo types. The two haloes are then 
concentric and are called compound. 
The appearance of a compound halo 
varies, depending on the relative pro¬ 
portion of the radioactive substances 
in the halo nucleus. 

It will be recognized that as the 
number of elementary halo types in¬ 
creases, the interpretation of possible 
compounds becomes more difficult. 
Their presence moreover renders more 
difficult the identification of further 
elementary types, if such exist. 

Compound uranium-thorium haloes 
have already been referred to in pre- 
vioas papers on this series. Prom exam- 


necessity Kimewhat difihipe. It is 
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that oompouadB of types A and C haloes have been identified and also 
compounds of thorium and type C haloes. A photomicrograph of one of 
the former is shown in figure 12 and of the latter in figure 13 {plate 8). Other 
possible compounds, such as those of uranium and type 0 haloes, could 
not be expected to be readily identifiable. It is believed that some of the 
weak groups found in the distribution curves of figure 11 for A, B and C 
haloes may be due to compound haloes. 

An interesting example of what may happen is shown in fig. 14 (plate 8), 
in which there are to be seen two haloes arising from different parts of the 
same large nucleus. One appears to be a halo of type A and the other is 
either a type C or a uranium halo. (A third indistinct halo is to the right of 
the other two.) It is obvious that the centre of one halo is displaced from 
that of the other in the plane of the photograph. By examination in the 
microscope of this and of adjoining thin sheets of the same biotite flake it 
was observed that the centres of the two haloes are separated in depth as 
well. This photomicrograph thus shows the superposition of two haloes 
from the same nucleus because, fortuitously, they arose from different 
parts of the same large nucleus. One or two other examples of this have 
been observed. 


Mode of ocourrbkcb of halobs 

It has been already stated that the six types of haloes are distinct and 
elementary. Their origin cannot be explained by differences in the nature of 
the specimens, because they are found side by side in a single flake from the 
same specimen. The biotite from Star Lake, Manitoba, contains five types, 
all except type B, while almost every possible combination of two or three 
types are found in various other specimens. 

The way in which the haloes are located in the biotite is of importance as 
evidence bearing on the genesis of haloes. In most cases it appears that they 
are concentrated in planes parallel to the plane of cleavage. When a book of 
biotite is split into thin leaves, most of the latter will be blank until a certain 
depth is reached, when signs of haloes become manifest. A number of 
haloes will then be found in central section in a single leaf, while the leaves 
on either side of it show off-centre sections of the same haloes. The same 
mode of occurrence is often found at intervals within the book. 

In a single leaf or flake the haloes often appear scattered apparently at 
random, with, however, a definite tendency for them to be thicker near the 
«dge of the biotite crystal or near its Junction with some gross intrusion of 
foreign matter. Such edges are sometimes heavily darkened by radioactive 
ataining. In other cases, particularly when the haloes are frequent, some of 
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them will be found to lie along lines of crystal symmetry. OooasionaUy 
there can be seen vestiges of a straight conduit connecting these linearly 
arranged haloes. 

In another mode of occurrence, which ap|)ear8 to be of some importance, 
haloes are sometimes found arranged along irregulax lines whose course has 
little relation to the directions of crystal symmetry. The haloes are often 
connected by a faintly darkened vein which is evidently a central section of 
a cylindrical tubulation. This vein or channel may be simple or it may con¬ 
sist of several concentric tubes whose radii are equal to those of the halo 
rings. Faint haloes are sometimes strung along these irregular veins so 
thickly as to overlap, while at intervals more fully developed haloes are 
superimposed on the fainter tubulation. The halo nucjei are generally to be 
observed lying along the axis of the vein. On this axis also a distinct narrow 
oondidt is so frequently visible that its presence may be inferred in all 
cases. This conduit corresponds to the nucleus of a spherical halo. 

All tyj)es of haloes have been found along such veins or channels, with 
type D predominating (see plate 8). Figure 15 , under low-power magnifica¬ 
tion, shows strings of poorly defined D haloes with an occasional one of 
type C. Figure 16 shows other strings of D’s with an A halo near the top. 
Figure 17 shows clearly the arrangement of uranium-type haloes along a 
vein and the small nuclei which have been deposited at the centre of each 
halo. Figure 18 shows a string of embryonic thorium haloes in a lepido- 
melane from Bidgood Tp., Ont. 

This venation has been observed in several biotite specimens and is most 
marked in that from Murray Bay, Que. A similar phenomenon was de¬ 
scribed by Joly and Rutherford (1913) as occurring in a haughtonite of Co. 
Carlow. A photograph showing it was published by Joly in Bedrock for 
January 1913 . 

In concluding this section we mention an occurrence of which we have 
found only one example, in a biotite from Wilberforce, Ont. This was a 
straight darkened channel about 1*8 mm, long, which was evidently a 
central section of several concentric tubes. On the axis was a conduit about 
0-6/f diameter. A portion of tliis channel is shown in figure 19 (plate 8). 
When photometered at right angles to the axis, the records show five 
distinct tubes whose radii are 34 - 5 , 26 - 6 , 22 - 9 , 19-7 and 16 - 0 /t. These agree 
within the limits of error with the radii of the five outer rings normally 
found in the uranium halo (II), The sixth, inner ring of this halo, due to UI, 
is never very pronounced, and could hardly be expected to appear in the 
present case. This occurrence is then evidently due to uranium distributed 
uniformly in the conduit, and the tubes are the envelopes of a continuous 
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series of spherical uranium haloes strung uniformly along the channel. At 
the two ends of the channel the conduit terminates abruptly and the black¬ 
ening is rounded oflF as if by two hemispherical uranium haloes. This is 
evidently a true “line halo*’ of the uranium type. This halo apparently 
originated by the deposition of uranium in a needle-shaped nucleus, rather 
than at a point, and the radioactive substances remained in situ during the 
subsequent darkening of the mica. The appearance of this line halo is 
markedly different from the venation described above, where the veins 
appear to have no definite termination. The mode of deposition is believed 
to be entirely different, for the veins are probably laid down by a continuous 
process of deposition of radioactive substances, as will be seen from the 
discussion in the following paper. 


Origin of the kings 

From their general appearance it seems probable that the four new types 
of haloes are formed in the same manner as tlie familiar uranium and 
thorium types, that is, by a-rays emitted from a small central radioactive 
nucleus. The question at once arises as to whether the ring radii correspond 
to the ranges of known a-particlos. It is preferable to attempt to explain 
the origin of the rings in terms of known radioactive substances, rather 
than to postulate new elements ad hoc. 


Table 1 


Air 


'^yp® 

Ring 

equivalent 

No. 

r.K. of 

Associated 

Probable 

of 

radius 

om. at 

of 

mean 

a- 

parent 

halo 


16° C 

rings 

/o 

partiole 

of halo 

A 

19-80 

4-05 

62 

0-3 

RaF 

RaF 

B 

34-49 

7*06 

24 

0-3 

RaC' 

RaB 


20-00 

4-10 

24 

0-4 

RaF 

or RaC 

C 

34-59 

7-08 

23 

0-2 

RaC' 



24-03 

4-92 

26 

0-2 

RaA 

RaA 


19-86 

4-06 

21 

0-4 

RaF 


D 

16-21 

3-32 

26 

0-4 

Ra 

Ra 


To facilitate discussion table 2 has been prepared for comparison with 
table 1. In the first column are shown the known radioactive elements 
which emit a-rays and produce halo rings. The second column shows the 
accepted ranges in air and the third and fourth show the corresponding 
ring radii, in equivalent cm. of air and in microns, of the lialo rings which 
have been measured (papers I, II and III). 
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Type A haloes. For these single-ringed haloes a comparison of table 1 
with table 2 shows that the ring radius agrees fairly well with the ranges 
of the a-particles from either RdTh, Rn or RaF. However, the absence 
from the type A halo of any of the three rings due to later members of the 
thorium family seems to rule out the possibility of RdTh. A similar reason 
rules out Rn; moreover, the chemical inertness of Rn, a homologue of the 
inert gases, renders it unlikely that this element could have been concen¬ 
trated sufficiently in the small halo nucleus to have given rise to these 
dense sharp haloes. Joly’s description of them as “emanation haloes” is 
evidently a misnomer. 


Table 2 


Uranium family 


Thorium family 


^ , Halo ring radius 

Accepted equivalent 
range ,---^ 


Element 


15^^ C 


RaC' 

6*97 

7-00 

An 

5*791 

6-66 

AcC 

6-61} 

RoA 

4-72 

4*70 

Rn 

4*12\ 

3*93 

RaF 

3-92/ 

Ra 

3*39] 


lo 

3-28 [ 

3*12 

UII 

3‘19j 


UI 

2-73 

2*59 


t*’ 

Element 

34*2 

The' 

27*2 

ThA 

23*0 

Tn 

The 

19*2 

ThX 

RdTh 

16*3 

Th 

12*7 



range 


15^ C 

cm. 


8*62 

8*66 

41*8 

6*68 

6*68 

27*8 

6*06\ 

4*78/ 

4*88 

23*9 

4*36) 

4*02/ 

4*09 

20*0 

2*69 

2*63 

12*4 


There remains the possibility that the ring of the A halo is due to the 
particles from RaF, the last unstable member of the uranium family. The 
measured ring radius of the A halo agrees within 3 % with the range of 
RaF. Accordingly, in the sixth column of table 1, RaF is listed as the 
a-particle associated with the ring of the A halo. (In the uranium halo the 
RaF ring is not resolved from that due to Bn, so that a direct comparison of 
the A ring with a known RaF ring is not possible.) 

An important question now arises. Which radioactive element must have 
first been deposited in the halo nucleus in order to give rise to the halo in 
question? Such an element will hereafter be called the parent element of 
the halo. 

For A haloes the parent may be RaF. It might also be BaD or BaE, 
since these two preceding elements emit only yff-partioles. It cannot be an 
element occurring earlier than BaD in the uranium family, since no rings 
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due to other particles are found. The decision as to which of the three 
possible elements is the parent of the A halo must depend on the geochemioal 
evidence and on the possible relationships with other halo types. Diacuaaion 
on this question will be postponed imtil the following paper. Anticipating 
the results of this discussion the most probable parent of type A haloes is 
RaF, which is entered in the last column of table 1. 

Type B haloes. The radius of the outer ring of this two-ringed halo agrees 
closely with the range of the a-particles itom. RaC', while the radius of the 
inner ring is about 4 % higher than the range of the a-particles from RaF. 
Accordingly this halo seems to be due to the latter portion of the uranium 
family. Its parent can hardly be RaC', for the life of this element is too 
short for any reasonable mechanism of halo formation. Hence the parent of 
the type B halo must be either RaB or RaC. 

Type C haloes. The radius of the outer ring of this three-ringed halo 
agrees closely with the range of the a-particles from RaC', that of the 
middle ring is about 4 % higher than the range of RaA, and that of the 
inner ring is about 3*5 % higher than the range of RaF. It is probable that 
this halo is due to that part of the uranium family beginning with RaA, 
The only possible parent of the C halo is then RaA, 

It will be noted that there is a fourth, infrequently occurring ring in the 
C halo of radius. By comparison with the distribution curves of other 
types of haloes given in figure 11, it seems improbable that this ring group 
is due to compounding. It is significant, however, that this radius agrees 
within 3 % with the range of the a-particles from AcC. Such a weak group 
is to be expected. It will be recalled that a similar ring was found in 
uranium haloes (II) due to the presence of members of the actinium family 
along with those of the uranium family in the uranimn halo nucleus. If 
RaA be the parent of the C halo, a small amount of AoA could be expected 
to be deposited Avith it in the C nucleus. The ring due to AoA would not be 
resolvable from that due to RaC', but that due to AcC should occur in the 
place in which the fourth weak ring group appears. In type A haloes, no 
ring due to the actinium family appears nor should it be found, for there is 
no analogue in this family for RaF, the parent of the A halo. In type B 
haloes a group of tings due to AcC should occur. Only one or two such 
rings appear on the distribution curve, figure 11, but it should be noted that 
B haloes are relatively faint and such rings would escape observation more 
easily than in the stronger C haloes. 

Type D Aoioes. The radius of the single ring of this halo agrees closely 
with the range of the a-particles from Ra, but does not differ by more than 
experimental error from those from UII or lo. However, any such correla- 
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tion with the halo ring involves the difficulty as to later members of the 
uranium family, which should give rise to other, larger rings. 

It should be stated that D haloes are the faintest and least sharp of any 
of the six types, and it is not possible to exclude absolutely the possibility 
that such larger rings exist but escape observation by reason of their 
faintness. This seems improbable, however, for two reasons. In the first 
place, if the D halo contained faint outer rings, it would be expected that 
the denser haloes would yield a larger ring radius than the fainter ones, on 
account of the emergence of the outer rings which tends to broaden the 
grouping in the distribution curve. However, this curveforDhaloes, figure 11, 
shows a sharply defined grouping which is no broader than that found for 
homogeneous a-particles in other halo types. In the second place D haloes 
and uranium haloes are sometimes found side by side in the same flake of 
biotite. There is no difficulty in distinguishing between the two types, and 
there appear to be no haloes which represent a transition stage between the 
two (see figure 20, plate 8). 

Thus it would appear that the D halo is a single ringed structure due to 
the a-partioles from Ra, lo or UII. If this be the case, some special circum¬ 
stances must have prevailed at the formation of these haloes which ensured 
the absence of Rn and succeeding elements from the halo nucleus, A 
possible mechanism of formation of I) haloes, which appears to fulfil the 
peculiar requirements of this case, will be given in the following paper. The 
conclusion there reached is that the most probable parent of D haloes is Ra. 

Conclusion 

The radii of every ring found in the four halo types, A, B, C and D, have 
been found to be in fair agreement with the ranges of the a-particles from 
known elements of the uranium family (and associated actinium family). 
The ring radii are slightly larger than the ranges, the mean difference 
weighted according to the number of the rings being 2*4 %. 

This discrepancy, though somewhat larger than that for uranium and 
thorium haloes, is not outside the limits of possible experimental error.* 
Since all the rings may be thus accounted for, and since the occurrence of 

* The discrepancy remains somewhat puzzling, however. It cannot be due to a 
change in the method of measurement nor in the constants of the apparatus, since 
most of the measurements here recorded were interspersed among meosm^ements of 
uranium and thorium haloes, which were in agreement with earlier work. Further, 
it may be noted that the radius of the ring due to RaC', which occurs between RaA 
and RaP in the uranium family, is always in excellent agreement with the a-particle 
range. 
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the rings is consistent with the sequence of known radioactive changes, it is 
difficult to escape the conclusion that the explanation of the rings given 
above is correct. It will at once be realized that the periods of the permis¬ 
sible parent elements ore extremely short when measured on the scale of 
geological time. Difficulties then arise in accounting for the formation of 
these haloes, and a satisfactory explanation of the genesis of these new 
haloes may be expected to throw some light on certain geological problems. 
A discussion of a possible mechanism of halo genesis will be given in the 
following paper of this series. 

This work has been carried out with the help of a grant from the Carnegie 
Corporation of York which we gratefully acknowledge. We wish to 
thank Mr W. J. Noble, M.Sc., for valued help in the measurements. We 
wish also to thank Miss Helen Robertson, B.A., and Miss Helen McCunn, 
B.A., for their valued assistance in the microscopic examination of speci¬ 
mens. 

The results of this paper are based on the examination of more than three 
hundred mica specimens from all parts of the world. It is impossible here to 
single out individuals among the scores of donors of specimens. We can only 
take this opportunity of expressing our deepest thanks to all of them for 
their generous co-operation. 


Summary 

Fom: types of haloes, provisionally designated as A, B, C and D are 
described, three of them for the first time. These haloes have one, two, 
three and one rings respectively. Measurements of ring radii are given. 
The mode of occurrence of the haloes is described. It is shown that they are 
probably due to a-pa*rticles from certain later members of the uranium 
family, whose lives are exceedingly short on a geological time scale. 
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A quantitative study of pleochroic haloes 
V. The genesis of haloes 

By G. H. Hendbeson 
Dalhomie, Univeraity, Halifax, N.S. 

{Communicated by J. Chadwick^ F.R.S.—Received 3 July 1939 ) 

IlTTEODUCTlON 

There appear to be at least six distinct, elementary types of haloes, viz, 
the familiar uranium and thorium haloes and the four types designated 
A, B, C and D, which are fully described in the preceding paper of this 
series. It is the purpose of the present paper to discuss the genesis of these 
various haloes. 

The six types may be divided naturally into two classes according to the 
nature of the parent elements. By the term “parent*^ is meant that radio¬ 
active element which was first segregated in the halo nucleus during the 
process of mineral formation. The later disintegration of this and possibly of 
succeeding elements with emission of a-particles gave rise to a halo with 
one or more rings. 

The parents of the uranium and thorium type haloes, U and Th, have 
periods which are very long, even when measured on a geological time 
scale. If once uranium or thorium be deposited in the halo nucleus, secular 
radioactive equilibrium with later members of the radioactive family 
concerned would be established relatively quickly. Hence all the a- 
particles from the family will have been emitted from the halo nucleus 
almost uniformly throughout the whole subsequent existence of the 
nucleus and of the surrounding biotite. The result is the familiar six-ringed 
halo of uranium or the five-ringed halo of thorium. Moreover, a-particles 
are being emitted from such halo nuclei at the present time, and the haloes 
are still in a process of development, becoming slowly darker as time goes on. 

On the other hand, the probable parents of the haloes of types A, B, C 
and D are all very short-lived elements with periods absurdly short on the 
geological time scale. These parents belong to the later portion of the 
uranium family and any succeeding radioactive elements also decay quickly. 
When once the parent element is deposited in the nucleus, the sequence of 
disintegrations, the emission of a-particles and the transformation of the 
parent element into lead, all take place in a time interval which may be 

[ 260 ] 
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described, on a geological scale of time, as practically instantaneous. 
Under such circumstances, halo formation seems possible only under 
closely defined conditions. Since many minerals have remained unchanged 
over long periods of time, it seems clear that in these haloes all a-partiole 
emission must have ceased, and the darkening of the haloes must have 
been completed long ago. These haloes must have remained throughout 
geological ages in substantially the same form as we know them to-day. 
It is proposed to name these two classes of haloes' ‘ active ’ ’ and' ‘ extinct , 
the former including uranium and thorium types and the latter types A, B, 
C and D. 


Statement of the problem 

An explanation of pleochroic haloes involves two main problems. The 
first, essentiaUy physical, has to do with the darkening of the biotite into 
spheres, or rings as they are normally seen in thin section. The theory that 
this is due to the effect of a-particles emitted from the halo nucleus has 
remained substantially unchanged since it was first put forward by Joly. 
In particular, the excellent agreement of the ring radii with a-particle 
ranges has not only been the most convincing proof of the soundness of 
Joly’s theory, but has also served for the identification of moie recently 
discovered halo rings. 

The second question is how the halo nuclei themselves were formed, and 
how the radioactive parent elements were segregated in them. This second 
problem is of a geochemical nature and is really antecedent to the first. 
Comparatively little attention has been given to this question in the 
literature dealing with haloes. The essential part of a halo is the nucleus, a 
small inclusion in biotite (or other mineral in which the halo is found). The 
principal constituents of the nucleus are usually unknown, though occasion¬ 
ally zircon has been recorded. However, there must also be segregated in 
the halo nucleus a proportion, probably small, of radioactive elements 
from which ore emitted the a-particles which darken the surrounding 
biotite in a characteristic manner. 

As long as the ‘‘active'’ haloes were alone under consideration, little 
light ooxild be thrown by radioactivity on the problem of nucleus formation, 
since their parents were so long-lived that any explanation consistent with 
the geological evidence was possible physically. The discovery of “extinct ” 
types, however, materially alters the situation. The shortness of the lives of 
their parents greatly restricts the possible mechanisms of formation of 
halo nuclei. Moreover, the interrelationships of the different extinct types 
throw further light on this problem. In this paper a discussion of these 
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points will be given, and a mechanism will be suggested for the formation of 
halo nuclei which satisfies the radioactive requirements and appears not 
inconsistent with the geological evidence. 

To provide such a mechanism there seem to be two possible, alternative 
hypotheses, which may be termed magmatic and hydrothermal. On the 
magmatic hypothesis it is supposed that the constituents of the halo 
nucleus, including the radioactive parent, crystallized out first from the 
magma to form the nucleus, and that the biotite later crystallized around it, 
following the normal order of crystallization from a magma. The darkening 
of the halo into rings would then begin only after crystallization of the 
biotite. 

On the hydrothermal scheme, on the other hand, it is supposed that 
hydrothermal solutions containing the nuclear constituents coming from a 
magma reservoir diffused through previously crystallized biotite and that 
the nuclei were deposited here and there throughout the biotite by some 
mode of precipitation. From these nuclei a-rays would be omitted and 
formation of halo rings could proceed immediately. 

From the radioactive evidence it seems probable that while the nuclei of 
active haloes may have been formed by either of these methods, those of 
the short-lived extinct types can have been formed by the hydrothermal 
method alone, and even then only under fairly closely defined conditions. 


The hydeotheemal genesis oe extinct haloes 

The lives of some of the parent elements of extinct haloes are measured 
in minutes only. These parents are shown in table 1. On the other hand, 
the halo nuclei are of finite, though small, size, and a considerably longer 
time was probably necessary for their dejwsition from hydrothermal 
solution. These two ideas indicate that the process of nuclear formation 
was probably a continuous one, whereby atoms of the radioactive parent 
elements were steadily added to the nucleus and there quickly disintegrated. 
If this went on for a sufficiently long time, enough of the short-lived parent 
element might have been added to the nucleus, and enough a-partioles 
emitted from it to produce the extinct haloes. 

Consider the following processes supposed to have taken place at a time 
of hydrothermal activity in the earth’s crust. Suppose that there was 
flowing through a narrow conduit in the biotite ^ hydrothermal solution 
containing elements of the uranium family in radioactive equilibrium. At 
every point in the solution atoms were disintegrating and new elements 
were being formed. At all points along the conduit a-partioles were emit- 
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ted, and tended to darken the biotite in a cylinder with its axis on the 
conduit and its radius equal to the raiige of the a-particles in the biotite. 
If the concentration of radioactive substances was relatively low, few 
disintegrations took place per unit length of conduit, and the consequent 
darkening might be inappreciable. With high concentrations there should 
have been uniform darkening in the form of one or more concentric tubes or 
veins. 

Suppose, however, that at certain points in the conduit conditions were 
favourable for the precipitation of elements with properties coiTesponding 
to those of one of the parent elements of extinct haloes. As the stream of 
solution passed along the conduit, atoms of the parent element existing in 
the solution would precipitate and subsequently disintegrate at these points. 
Thus a series of separate nuclei strung along the conduit could have been 
continuously built up and fed with the short-lived parent element over a 
relatively long period of time. Around these points the biotite would have 
darkened in the characteristic ring structures of a type of extinct halo, 
even if the concentration of radioactive elements in the solution were too 
low to form a uniformly darkened vein. 

The phenomena predicted by the mechanism of halo formation here 
proposed correspond closely to what is actually observed in many occur¬ 
rences of extinct haloes. From the description and photographs given in 
the preceding paper of this series, it will be recalled that extinct haloes are 
sometimes found strung along an iiregular course which may or may not be 
marked by a vein of darkened biotite extending from halo to halo. A 
narrow conduit is visible in some cases, joining up the nuclei of the 
haloes. 

Besides the linear flow of hydrothermal solutions postulated above there 
may also exist a laminar flow, streaming along a thin cleft in the principal 
plane of cleavage of the biotite. This would account for those haloes which 
are often found distributed more or less at random in a thin biotite flake. 
It will be recalled that on splitting a book of biotite it is often found that 
haloes ore concentrated in certain leaves only, the remaining leaves being 
blank. The haloes are most frequently found near the contact of the 
biotite with a gross inclusion of foreign matter, where the existence of a 
thin cleft is most probable. A laminar flow should give rise to a darkening 
of the biotite in a plane sheet extending a distance equal to the a-partiole 
range on either side of the cleft. This darkening, being spread over a wide 
area, would escape observation unless the concentration of radioactive 
material in the solution were high. In such a case the result might be the 
**radioactive staining'’ of biotite which is sometimes observed. 
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From the above discussion it will be seen that the hyi^othesis of con¬ 
tinuous deposition of halo nuclei from a linear or laminar flow of radio¬ 
active hydrothermal solution furnishes a mechanism for the growth of 
extinct haloes and predicts their occurrence in a manner which is in general 
agreement with observation. The precise mode of deposition whereby 
particular elements are segregated in the nucleus will not be considered 
here; a discussion of the several possibilities which apparently lie open 
belongs properly to the province of geochemistry. 


Radioactive effects in hydrotheemal solution 

When radioactive matter is present the various elements of the family 
tend to be in equilibrium. If the elements of the uranium family had been 
in equilibrium in the hydrothermal solution, the numbers of atoms of each 
element present in unit volume of the solution would have been inversely 
proportional to their half-value periods. For instance, with 10^® atoms of 
U there would have been present 13 atoms of RaA, 112 of RaB, 8*4 x 10® 
atoms of RaF and 3*7 x 10® atoms of Ra. The same proportion of atoms 
would tend to pass a given point in the conduit i>er unit time; although the 
shorter-lived elements would travel but a short distance in the conduit, 
they would have been continually replenished. Furthermore, if the atoms 
of one element had been removed from the solution by precipitation at one 
point in the stream, an equal number would be available at a point farther 
along the conduit, provided that preceding elements of the family had re¬ 
mained in solution. Thus there could have been formed a number of haloes 
strung along the conduit, even though the formation of the first halo had 
used up all the atoms available at that point. 

Some rough calculations can be made as to the rate of flow. They will 
serve also to emphasize the extremely small quantities of substances in¬ 
volved and the microscopic scale of the phenomena postulated. The radius 
of a halo nucleus is often less than 0*6/^ and its mass is of the order of 
In an “active” uranium halo probably less than 1 % of the 
nucleus is radioactive so that the amount of uranium involved is less than 
10 "i*g. or about 3x 10^ atoms. From such a nucleus there would have 
been emitted less than four a-particles per century, allowing for the whole 
uranium family in equilibrium. Assuming a life of 800 million years, the 
total number of a-particles emitted would have been 3 x 10^. This would 
give a fairly dense halo and it is probable that a faint but recognizable 
halo would have been produced by an emission of particles totalling well 
under 10’. 
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With extinct haloes the radius of the conduits along which the haloes are 
often found is of the order of 0-6/^. Assuming for the moment that the 
hydrothermal solution flowed through the conduit at a rate of 1 cm. per 
day, the amount of solution passing a given point per day was 8 x lO’"® c.c», 
say 8 xl 0 **g. If the solution had contained 1 % uranium this would 
mean 8 x 10“^^ g. or about 2x10^^ uranium atoms passing a given point per 
day. Consider the most extreme case, that of the C haloes. Their parent 
RaA, with a half-value period of 3 min., is the shortest-lived of any of the 
parents of the four types of extinct haloes. Assuming that RaA was in 
equilibrium with UI, a flow of solution with 1 % uranium at a rate of 
1 cm. per day would carry about 0*1 atom of RaA past a given point in a 
year. Assuming that this phase of hydrothermal activity lasted for one 
hundred thousand years, the total number of atoms of RaA available for 
precipitation at any point would have been 1(H. Hence there would have 
been needled a stream of speed of something under 1000 cm. per day to 
produce a distiiKJt halo. This is probably an up|)er limit of speed. If the 
solutions had been enriched in lo or Ra from the magma reservoir, as is 
possible, the necessary stream speed could be cut down many fold. 

The flow of hydrothermal solutions may be estimated independently 
from the distance found between successive C haloes along the conduit. This 
calculation has the advantage of not requiring any assumptions as to the 
percentage of uranium in the solution. It is assumed only that the replen¬ 
ishment of RaA atoms is provided for by the presence in the solution of 
earlier members of the uranium family, with which RaA will tend to be in 
equilibrium. The distance actually found between C haloes strung along a 
conduit varies within wide limits, but it is seldom less than \ 00 /i. If all the 
RaA atoms were precipitated from solution to form a C halo, it can easily 
be shown that practically as many RaA atoms would be present, available 
for precipitation in a second C halo nucleus at a point about 100/^ farther 
along the conduit, provided that the stream speed was about 1 cm. x>^r 
day. It would not be expected that a centre of precipitation would be 
conveniently present just when the RaA content of the solution had re¬ 
turned to equilibrium. The RaA was probably replenished in a shorter 
distance than 100/4, and thus the estimated stream speed is likely to be 
again an upper limit. This calculation is based on the assumption that a 
large proportion of available RaA atoms were removed firom solution at the 
first centre of precipitation, i.e. that the “efficiency** of this precipitation 
centre was high. If this was not so the calculation breaks down. 

The calculations given above are based on crude assumptions and have 
been made only to establish orders of magnitude. In view of the un- 
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certainties involved, the two estimates are not inoonai»tent, Siunmariaing, 
it may be said that radioactive hydrothermal solutions flowing through a 
narrow conduit with a speed of the order of a few centimetres a day for a 
period in the neighbourhood of one hundred thousand years would account 
for type C haloes. For the other halo types, whose parents are longer lived, 
both figures would be more than ample for halo formation. 


Haloes of types A and C 


In considering details of the various types of haloes, these two may con* 
veniently be taken together. To facilitate discussion table 2 shows the 
later portion of the uranium family, for comparison with table I, Those 
elements which emit a-particles are specially indicated above. Below are 
shown the half*vaiue periods and the isotopes or nearest homologues of the 
various elements. 


H alo type 
A 
B 

C 

D 


Table 1 

Probable parent 
BaF 
KaB 
or RaC 
RaA 
Ra 


Half-value period of 
parent 
140 days 
28-8 min. 
or 19 ,, 

3 „ 

1686 years 


a 

a 

Ra — 

—► Rn 

1686 years 

3*8 days 

Ba 

Xe 

a 


RaC^ 

—► KaD 

ca. 10 “^ sec. 

22 years 

Te 

Pb 


Table 2 
a 

RaA -► RaB -► RaC - 

3 min. 26-8 min. 19*7 min. 

Tc Pb Bi 

a 

RaE -V RaF-> RaG 

6 days 140 days Stable 

Bi Te Pb 


Supjwse that a hydrothermal solution containing members of the ura¬ 
nium family in equilibrium was flowing through a conduit, and that there 
existed in the conduit cert^ain points at which conditions were favourable 
for the precipitation of tellurium and its homologues from the solution. 
Then atoms of RaA in the solution would have been deposited at these 
points (along with much non-radioaotive material) and there disintegrated. 
The subsequent products of decay probably remained fixed in the gradually 
forming nucleus rather than redissolving in the solution. By the time the 
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end^pKKiii^t, BaO, a stable isotope of lead, had been reached, there would 
have been emitted from the nucleus the a-partioles from EaA, RaC' and 
RaF. As the nucleus grew the result would have been a gradual darkening 
of the surrounding biotite into three-ringed haloes of type C, whose ring 
radii have been shown to agree approximately with the ranges of the a- 
particles from these three elements. 

Atoms of RaC' should also have been precipitated at these centres, but 
the period of this element is so short and the number of atoms so few, that 
for practical purposes it may be left out of consideration. 

Atoms of RaF, the last unstable member of the uranium family, would 
also have been precipitated at these centres. If RaF alone had been de¬ 
posited in the nucleus, there would have been omitted only one group of 
a-partioles and the surrounding biotite would have darkened into single- 
ringed haloes of type A, whose radii have been shown to l>e approximately 
equal to the range of the a-particles from RaF. 

In a solution containing the uranium family in equilibrium there would 
be 70,000 times as many atoms of RaF as of RaA. Thus when tellurium- 
like elements were deposited at centres of precipitation the radioactive 
content of the nucleus should have been almost entirely RaF, giving rise to 
practically pure type A haloes. While it is actually found that A haloes are 
more common and usually denser than C haloes, it might indeed seem 
difficult to see how ty pe 0 haloes could have been produced at all. It must 
however be remembered that radioactive equilibrium in the flowing solu¬ 
tion might easily have l>een disturbed. It seems probable that precipitation 
of various elements took place frequently along the conduit, giving rise to 
many possibilities. For instance, if RaE, an isotope of Bi, had been re¬ 
moved from the solution at one centre and then RaA and RaF at another 
centre not too far distant along the conduit, the equilibrium amount of 
RaA would have been quickly re-established while that of RaF would not. 
The theory of radioactive disintegration shows that for some distance past 
such a region of ‘'clean-up*’, the number of RaA atoms present in the 
solution would have greatly exceeded that of RaF and hence type C haloes 
could have been formed. 

There are several other possibilities open, of which one only need be 
mentioned. If RaA and RaF only had been removed from solution by 
precipitation in a short section of the conduit, then the equilibrium amount 
of RaA would have been quickly re-established in the solution, while the 
amount of RaF would have grown relatively slowly. For some distance 
along the conduit, the numbers of atoms of RaA and RaF would have been 
comparable. The result would have been a compound A and 0 halo. If the 
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number of RaF atoms deposited in the nucleus did not much exceed the 
number of RaA atoms, the compound halo would have been hardly dis¬ 
tinguishable from a ‘‘pure C halo, as can be realized from the descriptions 
given in the preceding paper. With a higher proportion of RaF atoms the 
halo would be clearly recognized as a compound A~C halo. It has already 
been mentioned that such com])Ounds have been observed. 

A point of interest in type C haloes arises from the presence df the 
actinium family, which is always found associated with the uranium family. 
Atoms of AcA would have been present in the solution along with those of 
its isotope RaA. It was pointed out in the preceding paper that a ring 
corresponding in radius to the range of the cc-particles from AcC is some¬ 
times found in C haloes. (The ring due to AcA would not be resolvable from 
that due to RaC'.) It is significant that no actinium series ring is found in 
the denser A haloes, where a weak ring would more easily be detected. On 
the hypothesis outlined above it is not to be expected, owing to the non¬ 
existence of a member of the actinium family corresponding to RaF. 

The number of rings in the group due to AcC compared to the numbers in 
the other three ring groups is considerably less in C haloes than in uranium 
haloes, as will be seen by the distribution curves given in the preceding 
paper. The period of AcA is so short that even this proportion seems ex¬ 
cessive, even after taking account of the now accepted idea that the pro¬ 
portion of actinium to uranium was greater in earlier times. It should be 
remarked also that it does not seem practicable to draw any conclusions as 
to the age of the nucleus in C haloes from the intensity of blackening in the 
actinium series ring, as has been done for uranium haloes (Henderson 1934 ). 

One further remark should be made here regarding the parent of type A 
haloes. It was pointed out that RaD or RaE were possible parents as weU 
as RaF. From the discussion above, it seems somewhat more probable 
that the parent is RaF, as has previously been stated. 

Haloks of type B 

These haloes have two rings, whose radii agree with the ranges of the 
a-particles from RaC' and RaF. The parent element might be either RaB, 
an isotope of Pb, or RaC, an isotope of Bi. Such haloes could have their 
genesis from hydrothermal solutions at points where the conditions were 
favourable for the precipitation of Pb or Bi. The method of formation is in 
principle the same as that outlined for haloes of types A and C. There is not 
sufficient physical evidence to decide whether RaB or RaC i$ the more 
probable parent. 
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It is to be expected that rings due to AcC should be present in these 
haloes, probably in greater proportions than in type C haloes. There are 
indications of such a group of rings in the distribution curve for type C 
haloes, but the number of rings involved is so small that no very definite 
conclusions can be drawn. It has been pointed out that these haloes are 
rather diffuse and faint, so that AcC rings would not easily be recognized 
in visual or photometric observation. 


Haloks of tyvk D 

These haloes have a single ring, whose radius agrees within the limits of 
exj)erimental error with the range of the a-particles of Ra, lo or UII. If any 
of these elements be chosen as the parent of these haloes, the question at 
once arises as to why there are no signs of rings due to the radioactive 
successors of Ra. The following explanation seems to be a possible one. 
Suppose that a hydrothermal solution, containing the parent element, 
flowed past a point at which conditions were favourable for the precipitation 
of Ba and its homologue Ra. An atom of Ra would have been precipitated 
at this point, there to remahi until its disintegration with the expulsion of 
an a-particle from the growing nucleus. Its successor is an atom of Rn, an 
element belonging to the group of rare gases with no chemical affinities. 
It is quite possible that such an atom would have diffused out of the 
nucleus into the stream and have been carried away before its disintegra¬ 
tion. In this way there might have arisen single-ringed 1) haloes at certain 
centres. The effects of Rri and its successors flowing in the stream would 
have depended on conditions prevailing in the conduit. If appropriate 
centres of precipitation had been present in that portion of the conduit, 
haloes of types A, B or C would have been formed. If not, the result would 
have been a faint uniform vein. 

The mechanism of halo formation postulated for type I) haloes is 
exceptional in that it calls for the deposition in the nucleus of a single 
member of a radio-active family, and the subsequent expulsion of the 
successor element from the nucleus before its disintegration. It should be 
noted that this is the only case in which such a phenomenon could be 
expected. Rn is the only element in the whole uranium family whose 
chemical properties render it likely that it would have diffused back into 
the stream of solution after its predecessor had been incorporated into the 
halo nucleus. 

It might be expected that some signs would be manifest of rings due to 
the actinium family, since AcX is an isotope of Ra, However, type D 
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haloes are almost always very faint, and it is unlikely that any actinium 
rings would be visible if they occurred in no greater relative intensity than 
they show in other types of haloes. 

It is possible that the same mechanism would apply if lo or UII were 
taken as the parent element. Those are less probable parents because their 
periods are longer and their chemical properties less favourable for pre¬ 
cipitation than Ka. The case of CJII is improbable also on account of the 
absence of an inner ring due to its isoto|)e Ul. Co/isequently it seems best 
to choose the most directly connected element as parent, and it has accord¬ 
ingly been assumed that the parent of the D haloes is the element Ra. 

While it seems feasible that Rn may often escape from the halo nucleus 
with the results given above, it does not alM^ays do so. If Rn had remained 
in the nucleus the halo resulting from Ra as parent would have been almost 
indistinguishable from a uranium halo, except for the easily obscured 
inner ring due to UI. In the case of the haloes shown strung along a conduit 
in figure 17 in paper IV, Rn must have been retained in the nucleus. 


The genesis oe active haloes 

It has already been remarked that the parents of uranium and thorium 
haloes are so long-lived that any explanation consistent with the geological 
evidence was possible physically. From the photomicrographs and dis¬ 
cussion of the previous paper, it is seen that the formation of thorium and 
probably uranium haloes does sometimes occur in the hydrothermal maimer 
described in this paper. The presence of haloes strung along a conduit and 
also the concentration of haloes in certain leaves of a book of biotite, 
indicate the flow of solutions in conduits or clefts. Active haloes strung 
along a conduit are, however, relatively rare; that such haloes are also 
formed in the magmatic manner must be considered as quite possible. Cf. 
the “line ” uranium halo of figure 19 in the preceding paper (Henderson and 
Sparks 1939 ). 


The origin of the K and L rings 

Finally, it seems opportune to comment on the origin of two rings found 
in active haloes which have given rise to some interest. They have been 
designated as K and L rings in jirevious papers of this series. The K ring, of 
radius 8 - 6 /^, corresponding to an a-particle of range 1*74 cm. in air at 15° C, 
has been found occasionally in uranium haloes. The L ring, of radius 5*75/^, 
corresponding to an a-particle range of 1*18 cm., has been found occasion- 
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ally in both uranium and thorium haloes. Neither ring has been observed 
in any of the extinct tjq^es of haloes. 

It has been stated that it is desirable, if possible, to explain all halo rings 
in terms of a-particles from known radioactive substances. Now there have 
been found, in laboratory experiments, a-particles with ranges correspond¬ 
ing to the radii of both the K and L rings. It is known that samarium is a 
weakly radioactive element, emitting a-particles. The most recent value of 
the range is M3 cm. at IS"" C (Hosemann 1936), The radius of the L ring 
agrees with this value well within experimental error. 

The question immediately arises whether sufficient Sm could have been 
concentrated in the halo nucleus to account for the L ring. The period of 
UI is about 4*5 x 10" years and that of all the isotopes of Sm taken together 
is about 1*0 X 10^^ years. Hence, in order to produce equal numbers of 
a-particles in a given time, there would be needed about 220 times as many 
atoms of Sm as of UI. Allowing for the difference in atomic weights and for 
the fact that eight a-particles are emitted by the whole uranium family, 
the proportions by weight of Sm and UI in a halo nucleus would have to be 
roughly as 1100 to 1 in order that equal numbers of a-particJes should be 
emitted from Sm and from the uranium family in equilibrium. A very 
much smaller proportion of Sm to UI than 1100 to 1 would be sufficient to 
account for the L ring as found in uranium haloes. In the first place the 
number of rings in the L group is small compared with those in ring groups 
due to the uranium family. Secondly the radius of the L ring is much smaller 
than those of the other rings and the inverse square law would tend to 
favour the intensity of the darkening in the L ring. Thirdly the L ring 
represents a maximum of intensity superposed on a blackening due to 
other a-particles which are far from the end of their ranges. It has been 
pointed out in previous papers that the intensity of blackening near the 
end of the range is apparently greater than is warranted by the Bragg 
ionization curve. It is difficult exactly to assess the effect of these three 
factors, but they all tend in the same direction. It is estimated that the 
L ring, if due to Sm, might have been j^roduced by an amount of Sm in the 
nucleus comparable with that of UI. 

The amount of uranium in the nucleus can be estimated only roughly. 
The proportion of U in large zircons seems to be of the order of a few tenths 
of 1 %. In experiments on the age of haloes which were in rough agreement 
with other methods of age measurements Joly and Rutherford (1913) 
assumed 10 % as an upper limit for the percentage of U in a nucleus, 
but this assumption was undoubtedly too high. It then appears 
possible that the L ring could have been produced by the a-partioles 
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from Sm without requiring an unduly high percentage of Sm in the halo 
nucleus. 

In this laboratory the L ring has been found only in uranium and thorium 
haloes. If tliis ring is due to Sm, haloes should be found containing this 
ring alone. Joly (1923) has described such haloes appearing as a rare 
occurrence in a black biotite fromYtterby. These were termed *^hibemium 
haloes by Joly. 

Several observers have reported the presence of the K ring in pleochroic 
haloes. The ring radii, usually measured visually with a micrometer eye¬ 
piece, are in fair agreement. An a-particle of range corresponding approxi¬ 
mately to the K ring radius has also been observed by Ziogeit (1928) using 
the Hofiman electrometer. These a-particles came from residues of dis¬ 
solved zinc but the element emitting them has not yet been identified 
(Schinthneister 1936). 


Conclusions 

In the six types of pleochroic haloes, active and extinct, there are found 
twenty rings. The radii of all of these have been shown to agree within 
limits of experimental error with the ranges of known a-partioles from the 
uranium, actinium and thorium families and from samarium and the as yet 
unidentified element of the zinc residues. Furthermore, every known a- 
particle (with the exception of such rare cases as long range particles or the 
products of minor branching) is represented by these rings, either singly or 
combined in an unresolvable group. It has long been realized that pleo¬ 
chroic haloes may disclose evidence of unknown radioactive elements which 
may once have existed on the earth but which have long since disappeared. 
In spite of extensive investigation and of the discovery of the extinct tyi)es, 
no trace of such elements has as yet been found. 

It is not to be expected that the four observed types of extinct haloes 
exhaust the number which may exist. There is some evidence of the 
existence of thorium analogues of these, but it is not as yet conclusive. 
Owing to the rarity of thorium in haloes it is not likely that these would 
easily be found. 

The theory of the hydrothermal genesis of extinct haloes has been de¬ 
veloped in some detail in preceding sections of this paper. The fundamental 
necessity of setting up a theory was to provide a mechanism whereby a 
short-lived radioactive element could be incorporated in a nucleus in 
sufficient quantity to produce a well-defined halo in biotite by the emission 
of a-particles. To accomplish this, the formation of the halo nucleus and 
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the growth of the halo itself have been i)OBtuIated as essentially a con- 
tinuons phenomenon. It was assumed that radioactive hydrothermal solu¬ 
tions flowed through conduits or clefts in the biotite and that certain radio¬ 
active elements were precipitated at certain points. It was then seen that 
the extinct haloes actually occurred in a manner predicted by the theory. 
The one theory was found capable of explaining the genesis of all four types 
of extinct haloes and the whole seemed consistent with the facts of radio¬ 
activity. While the theory has been built up primarily to satisfy the re¬ 
quirements of radioactivity and of observation, it is believed that it is not 
inconsistent with geological evidence. It is highly desirable, however, that 
the theory here proposed should be examined critically from the geo¬ 
chemical side. If no contradictory evidence be forthcoming it is to be an¬ 
ticipated that the microchemical phenomena here discussed will have some 
bearing on i)roblems of mineralization on a larger scale. 

In the revealing of the phase of earth history discussed above, the effects 
of radioactivity have played an important role. They have not only acted 
as an extremely sensitive indicator of the presence of certain elements in 
times past but also as an invaluable clock serving as a guide to the sequence 
of events. The extinct haloes are remarkable alike for the microscopical 
size of the regions in which they were formed, for the exceedingly minute 
amounts of substances involved, and for the time scale on which the 
phenomena occurred. The processes of halo formation took i)lace in a con¬ 
duit about a micron in diameter. The amounts of radioactive substances 
present were far below the limits, not merely of spectroscopic detection, 
hut even of modern methods which permit the counting of single particles. 
Even at the height of its activity of formation it is probable that there was 
emitted from the halo nucleus only one a-particle every few days. The period 
of hydrothermal activity during which extinct haloes were formed was 
probably of the order of one hundred thousand years, while the subse¬ 
quent extinct phase probably lasted for a period hundreds of times longer. 
There was thus time enough for the formation of these haloes w'^hich have 
left behind them, through ages of extinction, the unfading record of their 
birth. 

This work has been carried out with the help of a grant from the Carnegie 
Corporation of New York, to which acknowledgement is gratefully made. 
I also wish to thank those geologists whose patient discussions of points 
raised in this paper have been of great help. 



264 


G. H. Henderson 


Summary 

Six types of pleochroic haloes are discussed in this and the preceding 
paper, divided into two classes “activeand “extinct'*. To the former 
class belong uranium and thorium haloes, to the later types designated 
tentatively A, B, C and D. 

To account for extinct types of haloes a hypothesis is advanced that they 
originate from hydrothermal solutions. Such solutions diffused through 
conduits or clefts in the biotite crystal and particular radioactive elements 
of the uranium family were deposited from them at certain centres of 
precipitation. By a continuous process there was thus incorporated in a 
halo nucleus a quantity of a short-lived element sufficient to produce a 
halo. In this way all four extinct types can be explained. In active haloes 
this method of halo formation also occurred but the j)Ossibility is also open 
that the halo nucleus was formed ])rior to the crystallization of the biotite. 
All halo rings can be accounted for by known types of a-particles and no 
evidence is found for unknowui elements which may once have existed in 
the earth and have now disappeared. 
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The \3400 bands of PH and PD 
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[Plate 9] 

Introdfction 

The phosphorus liydride band at A 3400 was first ref)orted by Geutor 
(1907) in an account of an investigation of the spectra associated with 
phosphorus. It was obtained with a disciiarge tube containing pliosphorus 
in addition to hydrogen. Pearse (1930) photographed the band with high 
dispersion, showed that the electronic transition involved was of the type 
^ 77 ^ and attributed the band to the molecule PH. Since this analysis 
further theoretical work on this type of transition has been published by 
Hebb (1936), and calculations of the rotational constants for the ®77 state 
of PH have been made by Gilbert (1936) and Budo (1936). A study of the 
distribution of intensity in the rotational structure has been made by 
Noland and Jenkins (1936). The present paper is devoted to a study of the 
changes produced in the band structure by replacing the hydrogen in the 
molecule by deuterium. 

Expbeimentad 

In the previous work of Pearse the source used was a small H-type 
discharge tube containing hydrogen and phosphorus, requiring about 4 hr. 
to photograph the A 3400 band in the 2nd order of a 10 ft. concave grating. 
It was soon apparent that higher dispersion would be necessary to resolve 
the structure of the PD band sufficiently for a satisfactory analysis. The 
source was therefore improved until photographs could be taken con¬ 
veniently in the 4 th order of the grating. A diagram of the tube used is 
shown in figure 1. The electrodes were of aluminium; the constriction wets 
about 10 cm. in length and 3 mm. in diameter; and the whole tube could 
be immersed in water to pre vent overheating. The discharge was maintained 
by means of a D.C. generator, the current being about 0*5 amp. with a 
potential difference of 1500 V. With this somce, good photographs could 
be obtained in the 4 th order with exposures of 2 hr. 

Deuterium was obtained from heavy water supplied by Messrs Imperial 
Chemical Industries, Ltd., and was guaranteed by them to be 99*9 % pure. 

* Now at the Muslim University, Aligarh, India. 

[ 266 ] 
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A small quantity of the water was electrolysed completely, and the oxygen 
condensed from the resulting mixture of gases by means of liquid nitrogen 
evaporated under reduced pressure. The condensation was considered 
complete when no further decrease in pressure of the mixture could be 
observed. The remaming deuterium was estimated to contain less than 
0'2% of oxygen. 



Figubk 1. Discharge tube used iu the production of the spectrum 
of phos|)horas douteride. 

Before making an exposure, a slow stream of nitrogen was passed through 
the disoliarge tube until Ha disappeared, showing that no further hydrogen 
was being evolved from the electrodes. The tube was then flushed with 
deuterium, and phosphorus vapour admitted. To do this, the discharge 
was first allowed to warm the water surrounding the discharge tube, then 
phosphorus vapour was introduced as required from the side bulb by 
heating this to a suitable temperature in a separate water bath. 

To assist in the elimination of lines not belonging to the 4 th order 
spectrum of PD, the following exposures were made with the same setting 
of the grating: 

(1) the discharge with deuterium alone, 

(2) tlie discharge with hydrogen alone, 

( 3 ) the discharge with phosphorus and deuterium through an aesculin 
light filter, which absorbed the 4 th order. 

Finally, to compai‘e the bands of PH and PD under the same dispersion, 
the band of PH was photographed in the 4 th order of the grating and re¬ 
measured. 


Measurements 

Wave-lengths were obtained by comparison with the iron arc spectrum; 
values used as standards were taken as far as possible from the Trans¬ 
actions of the International Astronomical Unions (1932); where these were 
not available values recommended by Jackson (1931) were used. The 
dispersion was 1*3 A/mm. and, except in the case of diffuse, blended or 
very weak lines, the errors in wave-length should not exceed 0*005 A. The 
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reduction to wave numbers was carried out with the aid of Kayser^s 
Tabdle der Schwingungszahhn. 

The STRUCTtTRE OF THE BANDS 


The api)earance of the phosphorus hydride bands with high dispersion 
and the resolution of their structure into the constituent branches can be 
seen from plate 9* The relations between the various branches can be 



traced most conveniently from the energy-level diagram, figure 2. Each 
bond possesses the full number of twenty-seven branches possible to a 
*77 -> transition intermediate between case a and case 6. The notation 
throughout is that which has been generally adopted. 

The final state is of the type; the resultant spin quantum number, 
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S ^ l, and the quantum number for the component of the electronic 
orbital angular momentum along the internuclear axis, yl = 0 . The quan¬ 
tum number for the resultant angular momentum of the molecule exclusive 
of spin, K ^ 0 , 1, 2, 3 , .... Inclusion of the spin causes a splitting of the 
level associated with each value of K into three component levels with the 
quantum numbers J —K — S, where J is the quantum 
number for the resultant angular momentum of the whole molecule. 
Consideration of the states of the individual electrons shows that the 
state for a normal PH molecule must possess the type of symmetry 
denoted by the symbol Thus for the levels A = 0,2, 4 ,. .. the symmetry 
is ( —), while for the levels A = 1, 3, 5 , ... it is ( + ), and in MulLLkon’s 
notation all arc ^ levels. 

The initial state is of the fype, approaching Hund’s case a at low 
values of the rotation and turning towards case b as the rotation increases. 
In case a '^11 states, 8 = 1 and A = 1 and the interaction of the component 
of the orbital angular momentum along the nuclear axis with the resultant 
spin is strong enough to cause quantization of the latter about this axis.The 
corresponding quantum number Z ^ — 8 , -s-j-l, ..., s. The resultant of 
A and Z is denoted by Q — A-hZ, /l -fX-l, A — Z, and the resulting 
component levels are and The quantum number for the 

resultant angular momentum of the whole molecule, J, then takes the 
values I}, 1, W + 2, .... Each of the rotational levels is split into two 

close components when there is any cause tending to remove the degeneracy 
of the two states (A, Z) and {—A, —Z). Rotation of the molecule suffices 
to do this, giving .d*type doubling. The two components of the doublet 
possess opposite symmetry and each component alternates in sign os J 
increases. In MuUiken’s notation the components are classified as c and d 
states so that the symmetries shall be as follows : 

0(4-) and rf(-) for i2, fi-f 2, ..., 

c( —) and (i( -f) for G 4 “ 1 , £? 4 - 3 , .... 

Since the symmetries are known for the ^Z~ state they can be assigned to 
the levels of the ®/7 state by making use of the selection rule (+) i?:;: (—). 
In case b states the resultant spin is not coupled strongly to the nuclear 
axis. The quantum number for the resultant angular momentum exclusive 
of spin A = ri, ri 4- 1 , ri + 2, ..., the quantum number for the resultant 
angular momentum of the whole, J A+zS'— 1 , K — S, and the 

corresponding levels ore designated Ag, A3 respectively. For an inverted 
®// state the ij, i^, A3 levels are to be correlated with the W*, ® 77 i, 
levels respectively. 
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MoLBOULAR constants fob the ®i7 STATE 

The initial state of the molecule is an inverted *77 state so that there is a 
set of rotational levels for each of the tluee substates, “TZ*, imd 

each of these exhibits A -doubling. Each set of component levels may be 
referred to by a symbol F^^ or F^^, where c and d oi-e assigned according to 
the rule given above, and i = 1 , 2 , 3 for the ®/?g, *i7j, ®/7o states respectively. 

The rotational term differences between alternate levels are obtained 
from the following combinations: 

SA^F’^J = K) l)-P^(K + l), 

I A^F'^aiJ = - ®Psi>(A'). 

= K) = QR^(K + \)-^P^(K +1), 

.a^f:^(J^K) =r,(K)-p,(K), 

'A.F'JJ = R) = ^^R^(R + 1 ) -^P(K + 1 ), 

*77,- ^R,(K- 1 )-P,(X- 1 ), 

A,FiJJ = £) = o/i^,(K)-op^,(A’). 

These relations can bo readily followed with the aid of the energydevel 
diagram. It is convenient to designate the lines with the value of K rather 
than J, since for the lower state the three levels with the same value of K 
are very close together. To obtain the values of the molecular constants, 
which are required, it is usual to start from the values of the differences, 
designated according to the values of J, 


The determinati(m of Bq and 

The symbol A^F{J = K) is used to represent the value of A^FiJ) for 
which J is numerically equal to the value of K used to designate the lines 
from which it is derived. The mean values, + listed 

in table 1 for both PH and PD and have been used to calculate the 
rotational constants and Dq by the method of (Gilbert. In this method 
use is made of the relation 


lA^FiJ) 
6(^ + 1) 


2 i )(72 + y-f 1), 


£A2F{J) — jiA2Fi{J) •i'A^F^iJ)‘i'A2F^{J)1^ 


where 
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Table 1. Rotational term diffebenobs for the ®/7 state. 
Mean values of A ^ F '{ J ) 




PH 



PD 


J 

“/lo 



“^0 



1 

64-45 

45-17 


27-08 

—, 

— 

2 

90-33 

78'42 


44-65 

41-64 

— 

3 

125-64 

no-30 

100-62 

62-34 

58-62 

64-94 

4 

160-18 

142-10 

129-62 

80-00 

74-77 

70*31 

5 

194-23 

173-86 

169-26 

97-47 

91*16 

86-18 

6 

227-61 

206-62 

188-73 

107-88 

107-67 

101-89 

7 

260-49 

237-21 

218-60 

132-26 

124-14 

117-68 

8 

292-87 

268-66 

248*63 

149-37 

140-63 

133-43 

9 

324-68 

299-77 

278-46 

166-64 

167-01 

149-19 

10 

36606* 

330-61 

308-33 

183*68 

173*38 

164-86 

11 

386-66* 

360-26* 

338-33* 

200-26 

lS9-e2 

180-68 

12 

417-31* 

— 

367-99* 

216-62 

205-88 

196-29 

13 

445-06^ 

— 

397-46* 

232-86 

222-00 

211-97* 

14 

475-90^ 

— 

426-76* 

249-46 

238-00 

227-64* 

16 

— 

— 

456*64* 

266-62 

263-87 

243-19* 

16 

— 

— 

484-24* 

281-07* 

269-65 

268-66* 

17 

— 

— 

612-82* 

— 

286-33 

274-14* 

18 

— 

.— 

640-52* 

— 

300-89 

289-61* 

19 

— 

— 

568-92* 

— 

316-26 

304-66* 

20 


— 

— 

— 


319-88* 

21 

— 

— 

— 

— 

— 

334-87* 



= 8-025 cm.-b 



4-176 om.-i 



A 

= -5-7x 10~« 


A- 

--1-20X 10- 

cm.‘“h 


♦ Indicates that the value is derived from a single observation. 


The determination of A. The coupling constant A for the interaction 
between the resultant spin angular momentum and the component of the 
orbital angular momentum along the nuclear axis may be determined for 
each value of J by means of Gilbert’s equation ( 23 ), 

- T,)® + iR-®{(!r3 - T3) - {T, - Tj)}® 

^3(A.-2)<‘-8 + l2J{J + l) + 24J(J + l){2J(J + l) + l}/i 

- 1 2{2J(J + 1 ) - 1} A/t + 48J«(/ +1)® {J(J + 1) + !}/«*, 

where A—A/B and //. = D/B. 

The differences {T^ — T^ and (Tg —IJ) are the separations between the 
®/ 7 q and the ®/ 7 i components and the and the components 
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respectively. T^iJ = K) — T^{J = K) is obtained from the line oombina- 
^Q(K-\)-i^Q{K-\) 

= ^'P(X)-«P(X) 

= '‘R{K)-^R(K) 

= 0P(A' + 1 )-^'P(Z + 1 ) 

- 0 Q(A + 1 )-^W + 1 )> 


and T^(J — K) — Ti{J — K) in obtained from a similar set. 

If it is desired, the differences corresponding to the c-levels may be 
considered separately from those corresponding to the /^-levels and A 
evaluated for each set. Here, however, the y1 -doubling being small, average 
values have been used. The results are shown in table 2 . is closely 
similar for PH and PD and very nearly constant for different values of J. 
There is, however, an indication of a slight decrease of ^ as »/ increases. 

The A’doubling, To determine the amount of the ^d-doubling, the differ- 
.nee. deaned by ^ 

i,FUJ)-nJ + l)-rjiJ), 

are first obtained from the line combinations 


*/7o^ 


»//i 




'A^FUiJ = A) = '^R,,{K -1) - -1) 

= ^Qn{K +1) - 0P33(A +1) - R^{K +1) - 03(A +1). 
A^F'aAJ = A) = *Q3j(A) -^T3i(A) 

= «A33(A) - + 2) - P,(A' + 2), 

Ai„(J = A) = «A3 i(A -1) - «<2„(A -1) 

^Q^{K +1) -P^(K +1) = oA3,(A +1) -^(2«,(A +1), 
4AU^ = A) = «<23i(A)-«P„(A) 

« R^{K) - Q^{K) = ^Q^{K + 2) - op^(K + 2), 
{A,F'^(J = A) =» fli(A-1) -Q,(A-1) 

= 'P<?i3(A + l)-opi,(A + l) = ^A„(A + 1)-0(?,3(A + 1), 

A^F'^{J^K)^Q,{K)-P^(K) 

= «P«(A) - ^'«„(A) = oQj3(A + 2) -^P,3(A + 2). 
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The mean value of these differences for each value of J for PH and PD 
are listed in tables 3 and 4. 


Table 2 . Values of A for PH and PD 


J 

PH 

PD 

1 

— 

- 116*7 

2 

-lib 5 

-116*6 

3 

^116*5 

-116*6 

4 

-115*6 

- 115*5 

6 

-116*4 

- 115*6 

6 

-116*4 

- 116*4 


Table 3. Rotational term differences for the ^// state. PH 









J 





»/7, 


0 

18*44 

14*88* 

—. 

18*03 

— 

—, 

1 

36*43 

31*20 

—. 

36* n 

31*49 

— 

2 

54*19 

47*06 

42*04 

63*97 

47*33 

43*00 

3 

71*48 

62*80 

57*43 

71*63 

63*41 

57*49 

4 

88*66 

78*60 

72*31 

88*79 

79*37 

72*17 

6 

106*39 

94*45 

87*13 

105*63 

96*36 

86*75 

6 

121*96 

110*18 

102*03 

122*34 

111*26 

101*62 

7 

138*22 

126*95 

117*06 

138*63 

12707 

116*48 

8 

154*23 

141*62 

132*10 

154*67 

142*66 

131*38 

9 

170*06 

157*13 

147*26 

170*40 

158*16 

146*17 

10 

186*61* 

172*40 

162*36* 

186*64* 

173*49 

160*92 

11 

201 02* 

— 

177*42* 

— 

188*83 

176*64 

12 

— 

— 

192*40* 

— 

204-22* 

190*23 

13 

— 

— 

207-22* 

— 


204*72 

14 

— 


222*03 

— 

— 

219-10 

16 

— 

—. 

236*67* 

— 

— 

233 18* 

16 

— 

— 

261*06* 

— 

— 

247*20* 

17 

— 

— 

266*62* 

— 

— 

261*07* 

18 

— 

— 

279*86* 

— 

—, 

274*79* 

19 

— 

— 

294*13* 

— 


— 


* Indicates that the value is derived from a single observation. 


The mean of the yl-doubling for the levels J ^ K and J = iC + 1 is found 
from the relations 

AMJ)-AMJ) = mj + l)-Fa{J + l)]+mJ) - W] 

— Av{J •hl)'^Ap{J) 

= + J). 
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Table 4. RotationaIj teem niFEBBENCEs fob the ®/7 state. PD 









J 







0 

913 

— 

— 

9-24 

— 

— 

1 

1815 

16-61 

— 

17-63 

16-64* 

— 

2 

26-88 

25-39 

23*64 

26-56 

26-02 

23-69 

3 

35-73 

33-11 

31-37 

35-49 

33-62 

31-20 

4 

44-48 

41*24 

39-14 

44-26 

41-60 

39-M 

5 

63-31 

49-53 

47-12 

62-93 

49-88 

46-97 

rt 

61-83 

57-75 

54-91 

61-76 

68-22 

54-76 

7 

70-46 

65-87 

62-84 

70-46 

66-49 

62-70 

8 

78-84 

74-04 

70-62 

79*12 

74-81 

70-72 

9 

87-63 

82-16 

78-47 

87-58 

83-04 

78-66 

10 

96-40 

90*34 

86-38 

96-01 

91*22 

86-26 

11 

104-68 

98-41 

94-34 

103-73 

99-35 

94-10 

12 

112-67* 

106-45 

102-20* 

112-00 

107-49 

101-96 

13 

120-68* 

114-44 

110-07* 

120-51* 

116-62 

110*02 

14 

— 

122-44 

117-64* 

129-04* 

123-68 

117-40 

16 

— 

130-29 

125-78* 

137-86* 

131-49 

126-14 

16 

— 

138-24 

133-55* 

147-14* 

139-32 

132-78 

17 

— 

146-03 

141-36* 

166-44* 

146-98 

140-44 

18 


— 

149-10* 

166-91* 

164-84 

147-95 

19 

— 

— 

166-72* 

176-78* 

— 

166-38* 

20 


— 

164-60* 

— 

— 

162-65* 

21 


— 

172-32* 

— 

— 

,— 


* Indicates that the value is derived from a single observation. 


The differences are given in table 5 for each value of J for 

PH and PD, The sign of the values for the levels is reversed in table 5, 
since in the theoretical formulae considered below, components which 
show the same symmetry for a given value of J are grouped together rather 
than components with the same designation c or d. With this grouping 
Hebb has shown that the sum of the doublet widths for each value of J 
should be of the simple form 

izlv(t/) = Cq 4" {J 4* 1). 

The sum is plotted against /(J -f 1) in figure 3. The resulting curve for PH 
closely approaches a straight line, but for PD the random errors form too 
largo a proportion of the sum to be conclusive. 

In appl 5 ring the theory to the case of the first positive bands of nitrogen, 
Hebb compares the values of the observed constants with the theoretical 
values to be expected on the assumption of Van Vleck’s hypothesis of pure 
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precession. In the full formula® for the yl-doubling the aepeu-ations are 
given in terms of three adjustable constants, Cq, and C,, where 

Cq “"y “I" "h 4 “Kj 

(J^ ~ 5 “I* 4®, 

6V = e. 

TabijE 6. Values of + J) 


PH PD 


J 



V7, 

*77o 

»/7. 

»/7. 

0 

0*41 

— 


-Oil 

— 

— 

1 

0-32 

0*29 

— 

or >2 

0*03 


2 

0*22 

0*27 

-006 

0*32 

-0*37 

-0*00 

3 

-oos 

0*61 

-0*06 

0-24 

0*41 

017 

4 

-0-23 

0*77 

014 

0*22 

0*36 

0*03 

6 

-0*24 

0*91 

0*38 

0*38 

0-36 

016 

6 

-«0*39 

1*07 

0*41 

0*08 

0*47 

0*16 

7 

-0-41 

M2 

0*58 

-0*01 

0*62 

0*14 

8 

-0*44 

I 04 

0*72 

-0*28 

0*77 

-0*10 

9 

-0*36 

1*03 

1*08 

0*05 

0*88 

-0*19 

10 

-0*03 

1*09 

1*43 

0*39 

0*88 

0 12 

11 

— 

— 

1*80 

0*96 

0*94 

0*24 

12 

— 

— 

2*17 

0*67 

1*04 

0*24 

13 

— 

— 

2*60 

0*07 

1*08 

0*05 

14 

— 

— 

2*93 

—, 

1*14 

0*24 

10 

— 

— 

3*39 

— 

1*20 

0*64 

16 

— 


3*86 

— 

1*08 

0*77 

17 

— 

— 

4*55 

— 

0*96 

0*92 

18 

— 

— 

6*07 

— 

— 

1*16 

19 

— 


— 

— 

— 

1*34 

20 

— 

— 

— 

— 

— 

1*66 


The constants y, 8 , e, a and K are defined in terms of the wave functions 
in Hebb’s paper. In the case of pure precession, y, S and e reduce to simple 
forms, namely 

y = 4*L(i + l)/v, 

S^4:ABL{L + l)lv, 
e = 25»X(X + l)/v, 

where X = 1. In case b states the . 4 -doubling is the same for each of the 
three components with the same value of K and is 

Av(JC) bK^K. +1). 











































(J) 
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Using the values of A and B already obtained in the expressions for y, 
S and e the results are 

PH PD 

y 0-70 0-70 

d -019 -010 

e 0 007 0 0018 


-1 



10 '20 30 40 50 60 70 80 90 100 110 


^(J+1) 

Fiqure 3. yl-cloubling in tho ’/Z stat^^s of PH aiul PD. 

The values of e thus obtained are in fair agreement with the values of Uj 
for PH and PI) obtained from the curves, namely 0-0062 and 0-0025. The 
*// state for PH is nearer case b than that for PD, and the drawing together 
of the values of the doublet separations for tho throe components with 
increasing rotation is correspondingly more marked. Using the above 
values for y, S and e and neglecting a and K, a value 0-62 is obtained for 
Cq for PH and 0-60 for PD. The values from the curves are 0-16 for PH 
and about 0-2 for PD. Assuming that the difference is due to a and K, 
the value of {2a —K) for PH is 0-36 and for PD, 0 - 68 . 

The final state 

The fine structure of the *2" state has been discussed in a previous paper 
by Ishaque and Pearse ( 1936 ). In the present paper are given the data 

18 
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relating to the main rotational constants Bq and Dq, The term diflferenoes 
for the final state have been obtained by means of the usual line combina¬ 
tions and are listed in table fi. The values of and have been 
obtained from these term differences by use of the relation 


Table 6. Rotational term differences for the state. 
Mean values of A ^ F *'( K ) 




PH 



PD 


K 


A^FKK) 

A,Fi(K) 

A^r^K) 

a,f;(K) 

a,f;{K) 

1 

6016 

49-13* 


26-18 

26-01 

— 

2 

83-64 

84-01 

85-84 

43-40 

43-73 

46-63 

3 

117-39 

117-66 

118-20 

60-86 

6M3 

61-46 

4 

160-91 

161-09 

161-34 

78-25 

78*49 

78-72 

5 

184-29 

184-47 

184*76 

96-61 

96-84 

96-17 

e 

217-67 

217-74 

217-90 

113-06 

113-14 

113-32 

7 

260-70 

260-85 

261*09 

130-39 

130-63 

130-70 

8 

283-67 

283-82 

284-05 

147-65 

147-72 

147-80 

9 

316-47 

316-66 

316-86 

164*89 

166-06 

106-07 

10 

349-08 

349-24* 

349-40 

182-06 

182-23 

182-22 

11 

381-48 

381-62* 

381-46* 

199-17 

199-27 

199-66 

12 

4)3-66» 

— 

413-83* 

216-19 

216-30 

216-36 

13 

446-41 * 

— 

444-42* 

233-20 

233-26 

233-28 

14 

477-11* 

— 

.— 

250*08 

260-20 

260-20 

16 

608-37* 

— 

— 

266-91 

267-06 

267*15 

16 

639-84* 

— 

— 

283-62 

283-68 


17 

670-63* 

— 

— 

300-23 

300-39* 

— 

18 


— 


316-86* 

316-88* 

— 

19 

— 

— 

— 

333-21* 

— 

— 



8*412 cm.' 

-1 

i?o = 

4*363 om.“'. 



Z)q = 

-4-3 X 10 

-* cm.”^ 

Dp- 

~l-20x 10-^ 



* ludicsates that the difference is derived from a single observation. 


Cataloouk of lines 

Tables 7 and 8 contain a general catalogue of lines measured in the 
bands of PH and PD respectively. Wave numbers, estimated intensities 
and classification are given; the lines being listed in order of wave number. 
These tables have been placed for reference in the archives of the Royal 
Society. 
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StTMMAEY 

1 . The band of PD analogous to the A 3400 band of PH has been photo¬ 
graphed in the 4th order of a 10 ft. concave grating, 

2 . An analysis of its structure has been made and the corresponding 
band-spectrum constants evaluat^ed. 

3. The PH band has been photographed with the same dispersion and 
remeasured. The results are: 

For the initial state for PD: J5 ^ 4-175 cm.“'; D = —1-52 x 10 “^ cm.^^; 
A = — 115*5 while for PH: B ~ 8*025 cm.“^; D = —5*7 x 10 “^ cm."^; 

A —“116*5 cm.~^; for the final *2*“ state for PD: J 8 = 4*363 cm. 

D — ~ 1*20 X 10 "^ cm,-^^; while for PH: B == 8*412 cm.~^; D = “4*3 x lO"*** 

4. A catalogue of wave numbers with estimated intensities and classifi¬ 
cation has been prepared, and is available in the archives of the Royal 
Society, 

Rkferknces 

Budo, A. 1936 Z, Phya, 98, 437. 

Geuter 1907 Z. wiaa. Phot. 5, 60. 

Gilbert, C. 1936 Phys. Rev. 49, 619. 

Hobb, M. H. 1936 Phys. Rev. 49, 610. 

International Astronomical Union 1932 Tram, p, 4. 

Ishaque, M. and Pearse, R. W. B. 1936 Proc. Roy. Soc. A, 156, 221. 
Jackson, C. V. 1931 Proc. Roy. Soc. A, 133, 653. 

Nolan, P, and Jenkins, F. A. 1936 Phya. Rev. 50, 943. 

Pearse, R. W. B. 1930 Proc. Roy. Soc. A, 129, 328. 




Hyperfine structure and Zeeman-effect of the 
resonance lines of lithium 

By D. a. Jackson and H. Kuhn 
ClaremiA^n Lixbcyraioryy Oxford 

(CommunicMed by F. A. Lind^mann, F.M.S.—Received 14 July 1939) 

[Plate 10] 

Introdpotion 

Hyperfine structures have now been found and investigated in the 
resonance lines of aU alkali metals except lithium. The low atomic weight of 
this element causes a relatively great Doppler width of the lines and very 
narrow hyperfine structures so that even with a cooled hollow-cathode 
tube the width of the lines is many times greater than the hyperfine 
structure. 

The structure of the resonance line 6708 A revealed by this light-source 
is duo to the multiplet splitting and isotope shift (Schiller and Wurm 
1927 ); it consists of two strong lines and one weak line, as shown in figure 1 . 



ABC 
Li 7, Li 7, 

Li 6, Li 6, S| ->Pj 


Figurb 1 

The lines C and B are Sj - ^P| and of Li 7. As only one weak line, 

A, is observed, it is assumed that this is tlie line - *Pj of the twelve times 
rarer isotope Li 6; while - ^P| of Li 6 overlaps - ^P^ of Li 7. Bogros 
( 1932 ) used the absorption in an atomic beam to reduce the Doppler effect, 
but he failed to find new structure in the lines. 

In the work described below the hyperfine structure of the two resonance 
lines of Li 7 has been observed by the method of absorption in atomic 
beams; and also the hyperfine structure of the Zeeman effect of the 
stronger resonance line. The results are compared with those obtained by 
magnetic deflexion experiments. 
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Resonance lines of lithium 

The light source 

The emisBion lines of lithium, serving as background for the absorption 
experiment, were produced in a water-cooled hollow cathode tube of the 
type described by Schuler. A piece of lithium was put into the cathode, 
which was then filled with helium of a few mm. pressure. The helium was 
purified by circulation through charcoal cooled with liquid air. Currents 
up to 100 mA were used. 


The atomic beam tube 

At the temj)erature of about 650*^ C, necessary to produce a vapour pres¬ 
sure of lithium of mm., the Doppler half-value width of the resonance 
lines is 0 * 12 cm.”^. As the hypertine splitting was expected to be about J of 
this, and the distances of the hyperfine structure components of the Zeeman 
effect about highly collimated atomic? beams had to be used. 

To get strong enough absorption, the following arrangement for producing 
three atomic beams was used in the final experiments. An iron tube of 
interna] diameter 1*6 cm. and length 20 cm. was divided into three sections 
by two vertical iron plates. The bottom of the tube contained lithium and 
could be heated in an electric furnace. The temperature was measured by 
means of a thermocouple fastened to the outside of the lower end of the 
tube. The collimation, defined as the ratio of the atomic velocity in the line 
of sight to the total velocity, is given by the internal width of each section 
(4 mm.) and the effective length, i.e. the distance from the ui)per end of the 
furnace to the upper end of the iron plates, which was between 12 and 
16 cm. The collimation was thus between giving absorption lines 

between thirty and forty times narrower than the normal Doppler width, 
i.e. 0*004-0*003 cm. \ 

In this arrangement the atomic beams are very close together making it 
more suitable for use in a magnetic field than an arrangement of three 
single tubes as used in the investigation of the lines of potassium (Jackson 
and Kuhn 1938 a). The commercial lithium used released a great amount of 
hydrogen. But after several hours’ running, a good vacuum and perfectly 
well-defined beams were obtained. 

Spectrograph and iNTEZiPEBOMETER 

The spectrograph was that which was used in earlier works, of focal 
length 160 cm. and fitted with a 66 '' prism of heavy flint gloss. The dis¬ 
persion was enough to separate the lithium line 6708 A from the strong 
helium line 6678 A by 0*8 mm. 
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On account of the wide spectral range of the emission lines ( 0’7 om.“^) 
and the very narrow hyperfine structure separations of the absorption, it 
was necessary to work with a double etalon, a 6 mm. and a 6 cm. etalon 
being used in series. The spectral range of this arrangement was 1 cra.~^ 
and the resolving power about 0 ' 004 cm.'"^; the separation between ad¬ 
jacent emission lines was about ^ order of the 6 mm. etalon. 

The separating pieces and the plates were made of fused silica, and both 
etalons were enclosed in airtight boxes. The full aperture was 6 cm., but in 
most experiments it was stopped down to 3 cm. The methods of adjustment 
of the double etalon and of obtaining cjoincidence of the fringes have been 
described in an earlier paper (Jackson and Kuhn 1938^). 

Ilford Astra VIII plates were found most suitable, having an extremely 
high sensitivity at 6700 A. 

HyPEKFINB STRUCTTJRE.S OBSERVED IN ABSORPTION 

Figure 2 (plate 10) illustrates the results of the absorption experiments. 
To obtain a complete order of the 6 mm. etalon within the length of the slit, 
it was necessary to work with the centre of the fringe system outside the 
slit. The lines Sj — and — *Pj of the absorption spectrum of Li 7 show 
hyperfine structure doublets of similar widths of splitting; the lines of 
Li 6 do not show any absoi’ption, the abundance of Li 6 being too small. 

In order to make accurate measurements of the hyperfine structures, the 
centre of the fringe system was brought into the centre of the slit (figure 3, 
plate 10). Under these conditions, the length of the slit corresponded to 
only J of an order. By suitably adjusting the air pressure of the 6 ram. 
etalon, the diameter of the first fringe of the requisite line was made about 
8 mm. 

MeASXTBEMENT op the HYPERFINE STBUCTCTRES 

The scale factor of the etalon fringes was determined by two methods. In 
the first, the air pressures in the boxes were so adjusted that the two etalons 
were out of phase, and each line visible in two adjacent orders of the 6 cm. 
etalon. The difference of the squares of their diameters divided by Ap, the 
wave number difference corresponding to one order, gave the scale factor, 

C. Jp is equal to where i is the thickness of the etalon, which was 

determined by direct measurement on a micrometer. The measurement of 
nine plates gave the value C * 12-12 ± 0-02, 

By a second method, the scale factor was determined from the focal 
length F of the camera lens. This was found by measuring the Hin fnpoA 
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from the photographic plate to the principal plane of the objective lens. 
If A is the wave-length, the scale constant is (7 = x A, The value found 
was C ^ 12*12 ±0-016. 

As an additional test, though less accurate, the distances between fringes 
of different orders produced with the cadmium red ray were measured. This 
gave the same value for the scale factor, when corrected for the different 
wave-length. 

The values found for the hyperfine structure splittings of the two lines 
were 

S* - = 0*0270 ± 0*0001 cm.-'i. 

8^ - Sv = 0*0280 ± 0*0002 cm.'^ 

The first value is the mean of the measurement of twelve different plates. 
The average deviation from the mean was 0*00027. The socond value is the 
moan of twenty different exposures, the average deviation from the mean 
was 0*0006. 

A comparison of measurements of the positions of the three emission 
lines (see below) with measurements of the multiplet structure in the ab¬ 
sorption of the atomic beam, indicates that in the absorj^tion spectrum the 
lines S^ — of Li 6 do not overlap the lines S| — ^P^ of Li 7, being shifted 
about 0*02 cm."^^ to the long-wave side of the strong, long-wave hyperfine 
structure component of Li 7.* The accuracy of these measurements does 
not quite preclude the possibility that the lines of Li 6 overlap the stronger 
component of ®Pj of Li 7. But, even in this case, the displacement could 
not be great. As lines at distance 0*006 cm."^ are certainly resolved (see 
Zeeman effect), the distance of the satellite must be smaller than this to 
have any influence at all. The maximum j)OS8ible shift must therefore be 
considerably smaller than |x 0*006 = 0*0007 cm.~^. The smallness of any 
possible shift is also proved by the fact that variation of the density of the 
atomic beams was found to have no influence on the measured value of 
the splitting. 

Allowing an uncertainty of ± 0*0006 cm."^ for the possibility of over¬ 
lapping, the separation of the hyperfine structure components of the line 
is 

$v =: 0*0280 ± 0*0007 cmr^. 

* According to magnetic deflexion experiments (Manley and Millmon 1936) each 
of the linos of Li 0 consists of a hyperfine structure doublot of splitting 0*0077 cm."*. 
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Measttrement of multiplkt stbtjotxtrk 

From photographs taken in the unsymmetrical position (figure 3, Plate 10) 
it was possible to measure the multiplet splitting of Li 7 very accurately. 
In order to determine the radii of the observed fringes, the position of the 
centre of the fringe system was calculated from the value of the scale 
constant, the thickness of the etalon and the separation between adjacent 
orders of the same line. The distance between the centres of gravity of the 
hyperfine doublets of the two lines of Li 7 was found, as the mean of eight 
exposures, 

^ 0-3372 ± 0-0005 cmrK 
Zeeman effect 

By means of the magnet described in earlier work, a transverse magnetic 
field of 1250 gauss was applied to the atomic beams. The n components of 
the line — ^P| only were observed, the cr polarized light being suppressed 
by reflexion on the surfaces of the prism, and by a tilted glass plate which 
was placed in front of the slit of the spectrograph. The two Zeeman n 
components of the absorption spectrum were found to consist of four just 
resolved lines, at distances of about 0-005 cm.*^^ from each other. They are 
shown in the photometer tracings (figure 4, plate 10). One of the two Zeeman 
components only was seen resolved in any one exposure, probably on 
account of variations in the grain of the photographic plate. The result 
found agrees with the value / == f of the nuclear spin, which has been 
deduced from magnetic deflexion experiments. 


Measurements of the positions of the emission lines 

As the absorption in the atomic beams was not strong enough to show 
the lines of the rare isotope Li 6, their position was determined from the 
emission spectrum of the hollow-cathode tube (see figure 1). In order to 
avoid over-exposure, the strong lines B and C were cut out, during part of 
the exjKJSure, by means of a strip of paper on the slit of the spectroscope. 
From measurements of sixteen plates the following relative positions were 
found: 

A = 0-000, B == 0-341 ± 0-0007, C = 0-682 ± 0-0006 cm “i. 

A and G are the lines of Li 6 and S* - of Li 7, B is the blend of 

Sj — ®P| of Li 7 and — ®P| of Li 6. Comparison of the interval G-B with 
the multiplet siditting of Li 7 measured in absorption shows that the blend 
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Reaoname lines of lithium 

B is shifibed by 0-004 om.“^ to the long-wav© side with regard to the line 
Sj —*Pj of Li 7. The difference seems to be outside the limit of error. A 
separation of about 7 x 0-004 = 0-028 om.~i between the centres of gravity 
of the overlapping lines of Li 6 and Li 7 would account for this shift. It 
would make the isotope shift for the line equal to 0-366, while that 

of Sj — *Pj is 0-346 om .”^ (the distance A-C less multiplet splitting of Id 7); 
and the multiplet separation of the isotoj)© Li 6 equal to 0-317 cm.~^ while 
that of Li 7 is 0-3372 cm.“^. 

The hypereinb stkdctubb op the terms op Li 7 

The splitting of the two resonance lines is mainly caused by the splitting 
of the ground-level Sj. The comparatively small difference between the 
splittings is due to the unresolved structure of the levels *Pj and ®P|. The 
value of the splitting of the term can be shown (Jackson 1934 ) to be the 
mean between the two splittings of the lines; and the splitting of the ®Pj 
term to be | times their difference. 

The results thus found for the hyperfine structures of the terms are: 

(JSj = 0-0276 ± 0-0003 cm.-i. 

(J^Pj = 0-0015 ± 0-0009 om.“i. 

Discussion 

Fox and Rabi ( 1935 ), using their method of magnetic deflexion of atomic 
beams, have determined the splitting of the ground level of Li 7, and have 
found — 0-0267 ± 0-0003 cm' The disagreement of about 3 % 
between this value and our spectroscopic value is greater than the limit of 
error, which is claimed for the experiments. 

The discrepancy cannot in any circumstances be due to the over¬ 
lapping effect discussed above. If the structure of the line Sj — *P| of Li 7, 
which is quite free from any overlapping is considered only, the splitting of 
the term is found to be 0-0270+ ^^*Pj. Now, the value of can be 
calculated by means of the formulae of Fermi and Segr6 or those of 
Goudsmit, using the value of the nuclear magnetic moment calculated from 
the splitting of the Sj term. With = 0-96 from the multiplet splitting of 
the *P term and Land^’s formula, we obtain #*Pj = 0-0016 cm.~^. This 
gives (JSj ss 0-0276 in perfect agreement with the result obtained by using 
the structures of both resonance hues. It implies that the difference 
between the widths of splitting in the two resonance lines agrees with the 
theoretical expectation. 
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Rabi, Millman, Kusch and Zacharias { 1939 ), using the theoretical 
formulae mentioned, find a magnetic moment - 3-16 nuclear magnetons 
from the value of the splitting of Fox and Rabi. With our greater value the 
result is yM = 3*25. 

By means of their new resonance method, Rabi, Millman, Kusch and 
Zacharias ( 1939 ) have determined the magnetic moment of Li 7 directly and 
have found — 3^250 ± 0 - 01 . Our value of the splitting of the term is 
therefore in much better agreement with the direct measurement of fi than 
that of Fox and Rabi { 1935 ). But in view of the limited accuracy of the 
theoretical formulae, it is difficult to say if any importance can be attached 
to this close agreement. 

Table 1 gives a summary of the most important data of the nuclear spins 
and magnetic moments of all alkali atoms. The values of the nuclear spins 
given in column A are based on spectroscopic data and magnetic deflexion 
experiments, the results agreeing in all cases. For the elements marked with 
an asterisk, I has been determined from the hyperfine structure of the 
Zeeman effect which is the most direct and certain method. No spectro¬ 
scopic determination of I has been made for Li 6 and K 41. 


Table 1 



A B 

c 

D 

K 

F 

fi from 



dS, speotr. 

JSj magn. 

fi calo. 

fi calc. 

reson. 



I (cm.-*) 

dofl. (cm.‘^) 

from B 

from C method Reforonoes 

Li fl 

1 — 

0-0077 ± 0*0001 

— 

0*81 

0-820 

1,2 

Li 7 

i* 0-0276 ± 0 0003 

0*0267 ± 0*0003 

3*25 

3-16 

3-260 

Na23 

1* 0-0692 ± 0-0003 

0*0692 ± 0‘0006t 

— 

2*00 

2-216 

3 , 4 , 6, 6 

K30 

I* 0-0163 ± 0-0002 

0*0164 ±0*0002 

0*372 

0-374 

0-391 \ 

7, 3, 8, 6 

K41 

1 0-0086 ± 0-0002 

0-00853 ± 0*00012 0*21 

0-207 

- / 

Rb 86 

f 0-102 

0-1018 ±0*0005 

1*32 

1-32 

1*3401 

9, 10, 11, 12 

Rb 87 

1 0-226 

0*229 ± 0*001 

2*63 

2-68 

2*730 j 

Cs 133 

I* 0-3067 ±0-0004 

0*307 ± 0*003 

2*63 

2-53 

2-672 

13, 14. 11,6 


( 1 ) Manley and Millman ( 1936 ); (2) Rabi ef al. ( 1939 ); (3) Fox and Rabi ( 1935 ); 
(4) Meiaaner and Luft ( 1937 ); ( 6 ) Jackson and Kuhn (1938 6 ); ( 6 ) Kusch, Millman and 
Rabi ( 1939 ); (7) Jackson and Kuhn ( 19380 ); ( 8 ) Manley ( 1936 ); (9) Kopfcrmonn and 
Kriigor( 1936 ); (10) Hollenberg ( 1937 ); ( 11 ) Millman and Fox ( 1936 ); (12) Kusch and 
Millman ( 1939 ); (13) Jackson ( 1934 ); (14) Granath and Stranathan { 1935 ). 

t Verbal communication from Profoasor Rabi. 

Column B gives the hyperfine structure splittings of the ground levels, 
observed spectroscopically, C the same observed by means of the method 
of magnetic deflexion of atomic beams. The values of the magnetic moments 
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Resonance lines of lithium 

fi in columns D and E are obtained from the splittings of the ground states 
by means of the formulae of Fermi and Segr6. Column F gives the moments 
obtained by the more direct resonance method (Rabi etc«). These do not 
depend on any calculation of the wave-funotions of the atomic states. 

The authors take this opportunity of thanking Professor Lindemann for 
his continued interest in the research, and Queen’s College and St John’s 
College, Oxford, for the stipends granted to one of them. 


Summary 

By means of absorption in atomic beams, it has been possible to observe 
hyperiine structure in the resonance lines of Li 7, and to determine the 
splitting of the ground state 28^ with great accuracy. The value found was 
0*0275 ± 0 0003 cm.“^, giving a nuclear magnetic moment = 3*25. 

The hyperfine structure of the n components of the Zeeman effect of the 
line 2S^ *” 2^P| of Li 7 could be resolved. Four lines were observed in each 
component, in agreement with the value I = f of the nuclear spin. 

The multiplet splitting of the term of Li 7 was found to be 

0*3372 ± 0*0005 om.""^. The iBOtoj)e shift of tlie line 2vS^ was found to 

be 0*345 cm.‘ ^, and that of the line —2*P| about 0*36 cm.~^ 
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pi in columns D and E are obtained from the splittings of the grpun^ ^i^ 
by means of the formulae of Fermi and Segre. Column P gives the rnomeats 
obtained by the more direct resonance method (Rabi etc.). These do not 
depend on any calculation of the waveTunctions of the atomic states. 

The authors take this opportunity of thanking Professor Lindemann for 
his continued interest in the research, and Queen’s College and St John’s 
College, Oxford, for the stipends granted to one of them. 


SVMMAKV 

By means of absorption in atomic l>eam8, it has been possible to observe 
hyperfine structure in the resonance lines of Li 7, and to determine the 
splitting of the ground state 28^ with great accuracy. The value found was 
0*0275 ± 0*0002 cm.“^, giving a nuclear magnetic moment fi = 3*25. 

The hyperfine structure of the tt components of the Zeeman effect of the 
line 2 ‘^P| of Li 7 could be resolved. Pour lines were observed in each 

component, in agreement with the value 1 = | of the nuclear spin. 

The multiplet splitting of the 2 ^P - term of Li 7 was found to be 
0*3372 + 0*0005 cm.“^. The isotope shift of the line 2Sj — 2*P^ was found to 
be 0*345 om.“S and that of the line 2Sj —22P| about 0*30 cm.“^. 
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Address of the President 
Sir William Bragg, O.M., at the 
Anniversary Meeting, 30 November 1939 

It m my first duty to refer to Fellows who have recently passed away. 

Gkorge Albebt Boolenojsb was a student of the University of Brussels, 
his native city. He began at a very early age the study of reptiles, batra- 
chians and fishes in the Natural History Museum at Brussels, and in 1880 
became assistant naturalist there. In J 882, he was appointed a first class 
assistant in the Department of Zoology in the British Museum; he held 
this position until he retired in 1920. 

He has been described as a man of tremendous energy, an extremely 
methodical mind, and an amazing memory. These qualities were the 
foundation of the vast amount of work which he accomplished. He was 
one of the most distinguished of the descriptive biologists who have brought 
fame to the British Museum during the past hundred years. His most 
important contributions to science were the series of elaborate and detailed 
monograjihs, mostly published by the Museum. These still remain the basis 
of modern systeniatio work. They dealt with the grou})s of life which had 
interested liim from the beginning, the batrachians, fishes, lizards, snakes 
and BO forth. Thanks to his energy as a collector and as a stimulator of 
collectors, the Museum is rich in its i>o8ses8ions of these types; for example, 
it possesses an unparalleled collection of fresh water fishes. 

Boulenger was elected a Fellow in 1894 and served on the Council 
from 1903 to 1905. He was for some years a Vice-president of the Zoological 
Society and received many honours at home and abroad. He was natural¬ 
ized in this country. 

Towards the end of his long life he forsook his reptiles and for twenty 
years devoted himself to the study of roses. 

William M(^Doijoall (1871-1938) was educated at a private school until 
he was 14, when he went for a year to a Real-Gymnasium at Weimar. The 
next four years were spent in the University of Manchester where he 
graduat/cd with first class honours, making geology his special subject in 
his last year. He went to Cambridge in 1892, and obtained a 1st Class in 
both parts of the Natural Sciences Tripos, taking Physiology and Human 
Anatomy in Part II. He obtained the medical degree in 1897. 

In 1897, while holding a house appointment at St Thomas’s H-ospital, he 

[ 286 ] 



Anniversary Address by Sir William Bragg 287 

joined the Cambridge Anthropological Expedition in the Torres Straits, 
After a while he left the expedition to work with Dr Charles Hose on a 
study of the head-hunting tribes. 

On his return to England his researches reverted to the physiological. 
He did much work on colour vision and took a great interest in the current 
controversies between the theories of Helmholtz and Hering. His investi¬ 
gations were made in the border country between sense physiology and 
the psychology of special senses; he insisted on the necessary correlation 
of the two subjects. Gradually he found most to do on the psychological 
side; his election to the Society in 1912 may bo said to mark in time when 
he was rather on this side than the other. He held a post in Sully’s depart¬ 
ment at University College (London) until 1904 when he was appointed 
to the Wilde Readership in Mental Philosophy at Oxford. McDougall drove 
a French ambulance in the earlier years of the war. Subsequently he was 
attached to the R.A.M.C. and put in charge of nervous patients: a duty 
for which he was especially fitted. At the same time it provided much 
material for his own line of work. 

In 1920 he accepted an invitation to Harvard University; in 1927 he 
joined the staff of Duk(^ University, North Carolina. He made a great 
name for himself in America. When I attended recent celebrations at Duke 
University on behalf of our Society I was much impressed by what was 
said to me of the esteem in which he was held and the value placed upon 
his work. 

He himself considered Body and Mind, published in 1911, as his best 
written work: and its title may be taken to indicate the field of science 
in which he was eminent. 

By the sudden death of Georgk Barger, at the early age of 60 years, 
science has lost a chemist of great distinction, whose personal and scientific 
influence spread far beyond this country. After a distinguished University 
course at Cambridge, Barger began his work in research while teaching 
Botany for a year in the University of Brussels. Then came a period as 
Chemist to the Wellcome Physiological Laboratories, where research on the 
active substances in ergot, from which came so much of unexpected 
biological interest, helped to give a Biochemical turn to Barger’s activities. 
In later years he wrote a brilliant and scholarly monograph on ergot, 
dealing with all aspects of knowledge concerning that curious drug. After 
holding several academic appointments for shorter terms, he became in 
1919 the first Professor of Chemistry in relation to Medicine in the Univer¬ 
sity of Edinburgh, and held the Chair till 1938, when he became Regius 
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Professor of (chemistry in tlie University of Glasgow. Though his range was 
a wide one, he always regarded himself as essentially an organic chemist* 
and the researches of his own choice were on the stable end products of 
vital activity, rather than on the chemical changes involved in life itself. 
He received the Davy Medal of the Society a month before his death. 
Bilingual from his eailiest years though British by birth, schooled in the 
major European tongues in Holland, Barger retained throughout his life 
a zest for learning new languages, and used them to make scientific and 
personal friendships in many countries. To an unusual degree he became 
an international figure in science, striving with honest enthusiasm to 
promote understanding and friendship among men of science throughout 
the world. He was elected a Fellow in 1919 and served on the Council from 
1930 to 1932. 

Alfred William Porter, born in 1863, was educated at the University 
Colleges of Liverpool and London. He was a Fellow of University College 
London and Assistant Professor of Physics for many years, until in 1923 
he was appointed to a University Chair, He retired m 1928. 

Porter was essentially a man of learning: he was gifted also with the 
power of clear statement. His wide knowledge and his generous readiness 
to place it at the service of others made him the subject of frequent appeals 
for assistance. He had a penetrating and critical mind, and was particu¬ 
larly at homo in the discussion of the fundamentals of physics and chemistry. 
He was esjiecially interested in the border subjects between these two 
soiencea, and his Presidency for a few years of the Faraday Society was 
well suited to his knowledge and abilities. His translation (with Carey 
Foster) of the Joubert treatise on Electricity and Magnetism and his new 
edition of Preston's Theory of LigfU were considerable developments of the 
originals, and being so gave him good opportunity for the use of his powers 
of construction and exposition. He gave a remarkably interesting address 
on ‘'The Volta efiect and kindred subjects” as President of Section A of the 
British Association, when it met at Glasgow in 1928, 

He was the highly respected teacher of large numbers of University 
(‘ollege students. He also did great service to physics in various admini¬ 
strative capacities: he was secretary to the University of London Board of 
Studies in Physics, and the first honorary secretary of the Institute of 
Physics. He was elected a Fellow of the Royal Society in 1911. He served 
a term as President of the Rontgen Society; and also of the Faraday 
Society. At the time of his death he was one of the editors of The Philoso¬ 
phical Magazine. 
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Heebebt Hekey Woollari) was born in Victoria, Australia in 1889. 
He studied medicine at the University of Melbourne, qualifying at the early 
age of 21. He served with the Australian forces in the wax, attaining to the 
rank of Lieutenant-Colonel in the Australian Army Medical Service. After 
demobilization he began a course of study at University College, London, 
where he came under the influence of EUiot-Smith, and determined to take 
up the study of Anatomy as a scientific career. In 1923, he was appointed 
Assistant Professor of Anatomy. From 1928 to 1930 he held the Chair of 
Anatomy and Histology in the University of Adelaide. He returned to 
England to become Professor of Anatomy at St Bartholomew's Hospital 
Medical College. Finally he succeeded Elliot-Smith in the Chair of Anatomy 
at University College. 

WooUard was a brilliant worker, full of energy and eager to suggest and 
carry out new ideas. Anatomy was to be far more than a descriptive 
science: it was to be linked with experiment. His researches dealt especially 
with the problems of histology, and he laid stress on the need for their 
consideration in conjunction with those of anatomy. 

His technique was of a high order. He perfected certain methods of 
staining, and was able to advance by their means the general problem of 
innervation. He used his own body for experiments, which were often far 
from painless. He made a great number of important observations. He 
was able, for example, to identify specific types of nerve terminal sub¬ 
serving touch and temperature. 

He was elected a Fellow in 1938. He was a fine teacher, researcher and 
administrator. Anatomical science suffers severely by his death when 
many more years of good work might have been expected from him. 

Abthuk 8mitheels (1860-1939) was in his early days a student at 
Glasgow University and attended some lectures by Kelvin. At the age of 
18, having acquired a passion for science and especially for chemistry, he 
entered Owens College, Manchester, where he was a pupil of Henry Roscoe. 
In 1882, he graduated B.Sc. of London University. He then went to 
Germany and studied in the first place under von Baeyer in Munich and 
afterwards under Bunsen in Heidelberg. In 1883, he lectured on chemistry 
at Owens College and in 1885 he succeeded Thorj)e in the Professorship of 
Chemistry at Yorkshire College, afterwards the University of Leeds. He 
resigned his Chair in 1923, and went to London to take the Directorship of the 
Salters’ Institute of Industrial Chemistry. He was elected a Fellow in 1901. 

SmitheUs when a young man gave proof of great ability os an experi¬ 
menter; his work on “Flame ” is well known and his beautiful illustrations 
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are often repeated. But his main contribution to science has been else¬ 
where. His love for chemistry was not satisfierl with the growth of chemical 
knowledge: he had a vision of the important part that science could play 
in the work and the social life of men, in their doings and in their thoughts. 
Chemistry was not merely a subject for academic study, nor was it only a 
tool of industry: it was both these and it was also a link between them, and 
in their combination it could be a lively force. As he held these views 
enthusiastically and had remarkable powers of exposition and of organiza¬ 
tion, he was able to assist notably in their realization. The University of 
Leeds with its considerable chemical school, its technical departments of 
fuel, leather, dyeing and textiles, all designed on broad lines, is greatly 
indebted to him for its success and for its true University character. 

Heney Baleottr (18()3-1930) was educated at Charterhouse and at 
Trinity College, Oxford, where in 1886 he took honours in the final school 
of animal morphology. A year previously the University had accepted the 
collection of ethnological and archaeological specimens made by General 
Pitt Rivers. Prof. H. N. Moseley, in whose charge the Pitt Rivers Museum 
bad been placed, invited Balfour to assist him in its arrangement. He worked 
under Moseley until the latter’s death in 1891, when he himself became 
Director of the Museum. In subsequent years the Museum grew in size 
and richness under his care. 

The main princif)le in Balfour’s work was in the first instance that which 
Pitt Rivers followed, and sought to illustrate by his collections and the 
method of their disj)lay. The evolution of mankind could be followed by 
examining the evolution of his tools, weapons and other objects which he 
used. In order to show this it was necessaiy both to collect and to arrange 
with a definite purpose and in an orderly fashion. No one could have been 
better suited than Balfour to develop this conception and to extend it. He 
had received a classical education, he was zoologist, field naturalist and 
artist all in one. He travelled widely in his search for evidence. The use 
which he made of his acquisitions established his owm fame and that of the 
Pitt Rivers Museum. 

He published many essays on such subjects as flint instruments, the 
crossbow, the fire-piston, kite-fishing, thorn-lined traps and many others of 
like nature; always arranging his material to show its evolutionary lesson 
and its contribution to ethnology. 

Aethur Philemon Coleman was born at Lachute, Quebec, in 1862, He 
studied at the Victoria University at Cobourg in Canada and at the University 
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of Breslau» He became Professor of Geology at his old University in 1881 
and at the University of Toronto in 1890. He retired in 1922. 

Coleman belonged to a type of public servant to whom the British 
Dominions are greatly in debt: men well versed in the knowledge of their 
day, and possessed of a physical vigour, a breadth of mind, and an 
adaptability which enabled them to attack the problems of wide terri¬ 
tories, only half exjdored. The ordered development of the new countries 
has been made possible by their accurate and comprehensive observations 
and inferences. 

Coleman was an explorer as wdl as geologist, and it needed much 
laborious travelling to map the dispositions of the strata in the Canadian 
wilderness. He is distinguished for his description of the great metal 
ore-field of Sudbury, and its j)lace in the complicated series of the pre- 
Cambrian strata. He was interested in the history of past ice ages, and 
travelled widely in search of evidence. He published a well-known book on 
the subject. One of his water-tjolour sketches is probably the earliest 
picture of Mystery Mountain (Mt Waddington) in the Coast Range of 
British Columbia. 

Coleman was elected a Fellow in 1910. 

Edmund Bkigchkr Wilson (1856-1939) wm elected a Foreign Member 
of the Royal Society in 1921. He was one of the foremost zoologists in the 
United States. He began his academic studies at Yale University, and 
continued them at Johns Hopkins, Cambridge, Leipzig and Naples. He 
was in succession a lecturer at the Massachusetts Institute of 7’echnology, 
Professor at Bryn Mawr College, and Director of the Zoological Labora¬ 
tories at Columbia University. He was the Professor of Zoology at Columbia 
from 1891 until his resignation in 1928. 

Prof. Wilson was particularly interested in aU questions of heredity. He 
introduced into biology the conception of “cell-lineage”. He wrote a 
number of books on microscopical anatomy, embryology, zoology and 
kindred subjects. His work gave him an international reputation, and he 
was a member of learned societies all over the world and an honorary 
graduate of many Universities. He was the Croonian Lecturer of the 
Royal Society in 1913. 

Harry Medfortk Dawson died on 9 March at the age of 63. All his 
life, with the exception of three years of study in Germany, was spent at 
Leeds. He was a scholar at the Leeds Modern High School, and afterwards 
he was in turn student, demonstrator, lecturer and professor of chemistry 
in the University. 
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In the last year of hie course of study in the University he was engaged 
on research work in collaboration with Prof. Smithells, whom also we have 
lost during the past year. He won an 1851 Exhibition scholarship and 
spent three years at Berlin, Leipzig and Giessen. Ho waa one of a group of 
able young men who represented the growth in England, at that time, of a 
new spirit of research, and like many of his chemical contemporaries sought 
to develop it in Germany. 

Dawson’s work was centred round the mechanics of solutions. He was 
an enthusiastic student, to whom no pains were too great for the purpose of 
accuracy and fullness of proof. He did a fine piece of work in his establish¬ 
ment of the multiple theory of catalysis, 

Dawson was essentially a laboratory worker. He inspired a number of 
student collaborators and he was greatly interested in the researches of 
others in fields apart from his own. He was for some time the secretary of 
the Priestley Club with a membership which included many outside the 
University. His own kindly nature enabled him to maintain with success 
the friendly informality of the Club, He was elected to the Royal Society 
in 1933. 

Sir Henry Oram who died on 5 May of this year, at the age of 81, was a 
very distinguished naval engineer. After years of great promise at the 
Engineering College at Keyharn and the Royal Naval College at Greenwich 
and two years at sea he was appointed at the Admiralty in 1884. For 
thirty-three years he took a prominent part in those radical transformations 
of the machinery of the Navy which were necessitated by modem science 
and inventiveness. Water-tube boilers were introduced while he was 
deputy under the Engineer-in-Chief, Sir John Durston. He took a promi¬ 
nent part in the change from reciprocating engines to turbines. It was 
largely due to his advocacy and skill that turbines were successfully fitted 
in H.M.S. Amethyst and subsequently in the first Dreadnought. When oil 
came to the front as a fuel, and a Royal Commission under Lord Fisher 
reported on oil fuel and oil engines, Oram was warmly praised by the 
Commission who without his aid, could not have so confidently expressed 
their unanimous conviction of the vital necessity for fighting ships of oil 
fuel and oil engines”. Under his directorship, Diesel-ty|)e machinery was 
adapted for use in submarines, a work requiring the highest skill. 

Oram was elected a Fellow in 1912 in recognition of the fact that his 
labours led not only to engineering achievements but also to the advance¬ 
ment of science. Those who worked with him at the Admiralty testify to a 
personality which ensured their grateful and devoted service. 
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Frank Watson Dyson was born in 1868, and was educated at Bradford 
Grammar School and Cambridge. He was second wrangler in the Mathe¬ 
matical Tripos in 1889 and was elected to a fellowship in Trinity College. 
In 1894, he was appointed chief assistant at the Greenwich Observatory. 
He became Astronomer-Royal for Scotland in 1906 and returned to Green¬ 
wich as Astronomer-Royal in 1910, retiring in 1933. He was knighted in 1915. 

Dyson’s first important work was a completely new reduction of the 
Groombridge observations of circumpolar stars. The results were so accurate 
and reliable that Eddington was able to use them in his extensions of 
Kapte 3 m ’8 principle of star-streaming. When he returned to Greenwich be 
took in hand the collection of accurate information respecting the stars 
comprised in the zone extending from 65° N. to the pole, this being the 
zone allotted to Greenwich by international agreement. Proper motions of 
the stars were deduced from differential measures of photographs taken at 
sufficient intervals. 

Dyson took a great interest in the problems that could be solved by 
observations taken during total eclipses of the sun. He took part in several 
expeditions: he was always remarkably lucky in his weather. He had much 
to do with the famous expeditions that went to Principe and Brazil with 
the intention of testing the Einstein theory. 

Dyson was universally popular among scientists at home and abroad, 
and was therefore able to play a prominent part in the formation of the 
International Astronomical Union. 

The success of Dyson’s career as an astronomer was <lue not only to his 
mathematical and ex]>erimental abilities and his organizing capacity, but 
also to personal qualities which made friends and helpers of all who had to 
work with him and under him. 

John Mellanby, born in 1878, was one of the first students of the 
biochemical school founded by Gowland Hopkins in Cambridge. After 
taking his degree he went in 1900 to the research laboratories which 
Burroughs and Welcome had recently founded at Brockwell Hall. Inspired 
no doubt by the teaching he had received as an undergraduate he began a 
research on the properties of serum proteins and their relation to antitoxins. 
After studying medicine at Manchester he took his M.D. at Cambridge in 
1907. For a short time he continued his researches at the Cambridge 
laboratory, being particularly interested in the phenomenon of clotting in 
blood and milk. 

In 1909 Mellanby left Cambridge for St Thomas’s Hospital, where he 
used the clotting-time of milk to determine the quantity of active trypsin 
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in pancreatic juice, and thus to observe the formation of trypsin from 
trypsinogen. From the properties of trypsin he went on to the mechanism 
of its secretion and it is perhaps his work on this and on the purification 
of secretin which, together with his earlier investigations of clotting, form 
hifl most prominent contributions to knowledge. In 1937 Mellanby became 
Professor of Physicdogy at Oxford where he continued his highly important 
researches. 

Mellanby was elected to our Fellowship in 1929, and was at the time of 
his death a valued member of our Council. He was also a member of the 
Medical Research Council. He was not only a fine investigator but also a 
man of wide views who was influential in asserting and strengthening the 
ties between physiology and medicine. In this work he was helped by the 
respect and affection which his kindly and earnest nature inspired in his 
fellow-workers. 

Alfred Harker (1859-1039) graduated at Cambridge as eighth wrangler 
in 1882. He was elected to a Fellowship at St John’s College in 1885 and 
was appointed a demonstrator in geology under McKenny Hughes. In 
1918 he was elected to a special readership in ixjtrology. 

Throughout his long and active life Harker devoted himself, in the main, 
to the relations between the characteristics of igneous rocks and the 
controlling influence of tectonic environment. His first papers dealt with 
the cleavage properties of slates; his mathematics w^ere here of great 
assistance to him. This work led him to study the petrology of the igneous 
rooks associated with the Cambrian system of Caernarvonshire. It is 
described in the Sedgwick Prize Essay of 1889. In 1889-93 he was engaged 
with J. E. Marr on parallel problems in the Lake District. In 1895 and 
succeeding years he was attached to the Geological Survey of Scotland. 
He devoted himself to the stratigraphy and petrology of several of the 
Western Isles and completed a successful survey of the mountainous groups 
of central Skye 

In 1909 the wide knowledge which he had by that time acquired was 
embodied in liis Natural History of Igneous Rocks, an. outstanding book 
which has been of fundamental importance in the growth of petrologic 
science. When advanced in years he continued to write with power, and 
his Mclamorphism published in 1932 is a fine piece of work. He completed 
the revision of the MS. for a second edition shortly before his death. 

Harker was elected to our Society in 1902. He was awarded a Royal 
Medal in 1935; and received many other recognitions from other Societies, 
and from Universities. His influence on petrology at Cambridge and 
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throughout the world was very great: the Marker Collection of some 
40,000 specimens of rock slices will ever serve as a monument of his work. 
Many senior students found inspiration in his lectures and remember him 
with alFection and respect. 

Stgmttkd Freud was born in 1850 in Moravia. He took up the study of 
medicine, and while still in the twenties went to Paris to study psychiatry 
under Charcot. At the age of thirty-one he returned to Vienna where he 
lived until the recent advance of Germany into Austria forced him to take 
refuge in England. 

Freud was the originator of a form of research to which the term psycho¬ 
analysis is now applied. It has been described as the empirical study of 
unconscious mental processes. Considering the elusive character of work in 
this new field, and the extraordinary and unconventional conclusions to 
which it has led under the guidance of Freud and an enthusiastic body of 
collaborators, it is not surprising that Freud’s ideas have provoked both 
bitter opposition and warm approval. It may well be too early to estimate 
correctly the value of this novel work, but certainly it has provoked much 
thought and experiment, and its supporters maintain that it has done 
much to explain and alleviate human distress. 

Britain was glad to welcome the old man when he came as e refugee to 
spend his last years here. The Society elected him a Foreign Member in 
1936. When he came to this country the opportunity was taken to obtain 
his signature in the Charter-book of the Society. In deference to his ill- 
health and in recognition of his great distinction, the Officers of the 
Society took the book to his home for signature, a step which had never 
been taken before. 

Robert Scott Troup was born in 1874, and was educated at the 
University of Aberdeen and at Coo|)ers Hill College. He joined the Indian 
Forestry Service in 1897, and was Deputy and Assistant Conservator of 
Forests in Burma until 1905. He was then appointed to the Forest 
Research Institute at Dehra Dun. From 1915-19 he was Assistant In¬ 
spector General of Forests to the Government of India, He left India to 
become Professor of Forestry at Oxford. 

The care of forests has become of recognized importance in the economy 
of the Empire, and men such as Troup have been of the greatest value in 
the development of the necessary knowledge and technique. The forestry 
of Burma was already famous when he began his apprenticeship there. 
When he went to India with a reputation already considerable he entered 
upon a term of service which proved to be of the highest value to the forests 
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of India and to forestry in general. He wrote fully and well of his ex¬ 
periences, so that his books, particularly The Silmculture of Indian Treest 
are widely studied, and accepted as authoritative by the Indian and 
Burmese staffs. He wrote also on forestry in other countries and only a 
year ago he published a very interesting book on Forestry and State Control. 

Trouj) was elected a Fellow^ in 1926. He did much for the development of 
Forestry science, and because of his knowledge and his devotion to his 
work, he served the nation well. 

In October death removed from our Foreign Membership, Harvey 
Cushing, a man of great professional accomplishment, and of singular 
personal charm. Six months ago his 70th birthday had brought together 
to Yale a remarkable gathering of his old pupils and others, to testify to 
him their admiration and affection. The spirit prompting the gathering 
is indicated by the circumstance that one of those present crossed and 
recrossed the Atlantic though able to stay the one day of the celebration 
only. 

Dr Harvey Cushing will be remembered as a great Surgeon, He was 
great in surgery not only by reason of his successes as a skilled operator, 
and of his experience in a field he had practically made his own. He was 
great also by reason of the new approaches he brought with him to his 
subject. With him the neuro-surgeon was not limited to being an executant 
at the behest of the physician. Cushing was, where the nervous system was 
concerned, his own physician and combined within himself the skill and 
knowledge of the ])hy8ician as well as of the surgeon. He attracted pupils 
and followers from many parts of the world. The way in which he proceeded 
with a case, the details gone into, the deliberateness of the steps, the 
patient protractedness, as if time were but for slaves, led sometimes to 
the remark that his work was like a ])hysiological experiment carried out 
on man. His surgery had notable repercussions upon physiology. He 
ascertained, by interrogation, the human being’s experience when the 
surface of the brain is electrically stimulated. His surgical dealings with 
and enquiries into the pituitary body greatly contributed to knowledge 
of that gland, and its inter-relations with an adjoining region at the base 
of the bram, and further of the ties between it and the nervous regulation 
of the viscera. He found therefore the influence of that forward-lying 
part of the brain to be more full and direct upon the viscera than had 
been previously ascertained or thought likely. Perhaps Cushing’s greatest 
contribution to the study of the brain regarded tumours affecting it, where 
his experience was unique in its extent. 
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In the war of 1914“18 Cushing served as a military surgeon first in the 
British Army and later in the American. Three years ago he published an 
ample volume of extracts from his Journal kept during the War years. 
But his chief literary production was his Life of his teacher and older 
friend, William Osier, the physician. Theirs was a fraternal friendship. 
Cushing was a most lovable os well as gifted character. 

Sir William Jackson Pom, who died on 17 October 1939, aged 69 years, 
was an outstanding figure in the world of chemistry. 

A pupil of H. E. Armstrong, he occupied successively the positions of 
head of the chemical department at the Goldsmiths’ Institute at New 
Cross, and at the Manchester Municipal Technical College, and was in 1908 
elected to the Chair of Chemistry at Cambridge. 

His scientific work was chiefly concerned with the molecular configura¬ 
tion of organic compounds and he extended our knowledge of this branch 
of chemistry in many directions. His early achievements in resolving 
compounds of nitrogen, sulphur and selenium into optical antipodes form 
a landmark in the history of stereochemistry and opened a wide field of 
investigation. His work on methylcycZohexylidene acetic acid was no less 
notable. The conception of this compound, its synthesis (with Perkin and 
Wallach) and its resolution into enantiomorphous forms was pioneer work, 
revealing the existence of classes of compounds whose dissymmetry was 
better referred to the configuration of the molecule as a whole than to the 
presence of an asymmetric atom. 

The exceptional breadth and accuracy of his chemical knowledge and his 
strong practical sense enabled him to render conspicuous service to the 
Government during the last war and in 1919 he was made a K.B.E. 

Endowed with a strong personality and unusual administrative power he 
took a prominent part in chemical affairs. He served as President of the 
Chemical Society and of the Society of Chemical Industry, He was the 
first chairman of the Federal Council for Chemistry. In 1922 he was chosen 
to preside over the International Union for Pure and Applied Chemistry in 
the formation of which he had been intimately concerned. He was for 
many years President of the Solvay Chemical Conferences at Brussels, a 
position for which he was exceptionally qualified by his fluent command 
of French and German. 

He was elected a Fellow of our Society in 1902 and in 1914 received the 
Davy Medal. Numerous honours were conferred on him; he was a foreign 
member of many chemical societies and a Corresponding Member of the 
Acod^mie des Sciences. 
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Ralph Allen Sampson was Astronomer-Royal for Scotland from 1910 
to 1937, Previously he hod been Professor of Mathematics in the University 
of Durham, His greatest work was a study of the four Galilean satellites 
of Jupiter, for which he received the Royal Astronomical Sooiety^s Gold 
Medal in 1928. This was a comparison of the accumulated observational 
data with the intricate dynamical theory of the motions. A memoir on 
the Sun which he published in 1892 is remarkable as being the first 
application of the conception of radiative equilibrium to the structure of 
the stars; in this he was much ahead of his time, but progress was then 
limited by the backward state of the physical theory of radiation. At 
Edinburgh he took up especially the practical determination of the colour 
temperatures of stars, 

Sampson took great interest in the oj>ticaJ problems of telescope con¬ 
struction and in the accurate measurement of time. He was deeply versed 
in the history of astronomy and mathematics. 

He was born in County Cork in 1866; he was elected a Fellow^ in 1903. 


The tragic hapj)enings of these times have necessarily had their effect on 
the activities of the Society, On the outbreak of War, the offices were 
moved—as had been decided sometime beforehand—to Trinity College, 
Cambridge, and I take this opportunity of expressing the gratitude of the 
Society for the hospitality which we have found there. We could not have 
wished, if we were to be in exile, any greater happiness than to be housed in 
the College of Isaac Newton and many another of our Fellows, past and 
present. Many of our irreplaceable possessions were removed to places of 
safety. 

The meetings for the reading of papers have been suspended temporarily, 
but their early resumption is possible, and will certainly take place if 
circumstances allow. The publication of papers has not been interrupted 
though it has seemed well to place some limits on their length. Most of 
the other activities of the Society, including the administration of funds 
for research, are proceeding as usual. 

The Councirs Report deals with the business of the Society during the 
past year, and the second volume of Notes and Records tells of many other 
matters of interest. I am thereby relieved of the necessity of referring in 
this Address to several subjects already considered. 1 propose to say a 
few words on the general position of the Royal Society at this special time. 
But first I would speak of the debt which the Society owes to its retiring 
Treasurer, Sir Henry Lyons. We owe to him the complete and valuable 
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reform of our finances carried out during years when the monetary 
transactions and responsibilities of the Society have been growing at a 
great rate; he has made welcome improvements in the conduct of our 
business; our house and rooms are much the better for his care: nor can 
we forget the successful introduction and maintenance of “Notes and 
Records*’ to which I have already referred. In very many other ways we 
are his debtors. The Society parts reluctantly with the Treasurer who has 
so splendidly filled his office for the past ten years. Perhaps his effective¬ 
ness does not disappear with the tenure of his office, for as long as he is 
with us his critical yet friendly eye will make it impossible for any one to 
be careless in the Society’s business. 

A very large number of our Follows are serving in different capacities 
for the prosecution of the War. Twenty-five years ago the War, which to so 
many of us seems to have been resumed after a very short interval, taught 
the world the importance of science and its application, and that not 
merely in the war itself but in many subsidiary activities and indeed by 
example and by inference in all human undertakings. The lesson has not 
been forgotten in the years that have intervened, and the present outbreak 
finds all our Defence Services far ahead of 1914 in the employment of 
8 cien(ie and scientific men. For this we must be profoundly thankful; for 
it is clear now that any nation which fell behind in this respect by even a 
few years of study and application would quickly be overwhelmed. It is 
early to form a complete estimate of the effectiveness in the present war of 
the attention that has been given to science in the last twenty years, but 
there is no little promise in what we are permitted to know of what is 
going on. There is evidence that the application of science in all sections 
of war-activity, land, sea and air, are proving their value and more than 
justify all that has been spent upon them. 

There is indeed a widespread recognition of the general effectiveness of 
science. The ways of using science and scientific men are being slowly 
discovered. But the process is slow. It would, 1 think, be hastened, if certain 
fundamental truths were generally known and recognized. I venture to state 
them in the form of a few propositions: 

1 . Science, that is to say, the knowledge of Nature, is of fundamental 
importance to the successful prosecution of any enterprise. 

For example, a nation is obliged to make all possible use of science in 
preparation for war, whether aggressive or defensive; and, again by way of 
example, in the maintenance of public health and social welfare. Of course, 
science is not alone in being a necessity in either case. 

2 . Science is of general application. There are not one science of 
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chemistry, another of electricity, another of medicine and ao on: there are 
not even distinct sciences of peace and war. There is only one natural 
world, and there is only one knowledge of it. 

Experience shows that an advance in knowledge or technique or skill 
in any direction may be based on some item of knowledge acquired in a far 
distant field of research. For that reason, it is necessary to resist strongly 
a natural tendency for those who study science or apply it, to separate into 
groups without mutual communication. 

3. Fniitful inventions are always due to a combination of knowledge 
and of experience on the spot. Unless the man with knowledge is present 
at the place and the time when some experience reveals the problem to be 
solved he misses the fertilizing suggestion. Neither can the mastering idea 
suggest itself to the man who has the experience only but no knowledge 
by which to read the lesson that the experience teaches. The man with 
knowledge may be a temporary or 8|H>cial introduction, or, which is much 
better, he may be the man who meets with the experience. 

4. There are difficulties peculiar to the application of science to war 
purposes. While the war proceeds scientists as a body are anxious to put 
all their knowledge at the service of their country: but when the time 
comes they are anxious to get away to their work on pure science or the 
applications of science to the problems of peace. Government may preserve 
and most fortunately has preserved a nucleus of able scientific effort during 
the last 20 years of peace, so that a certain connexion is maintained between 
these particular applications and the general body of science: but from the 
very nature of their respective occupations, and on account of a certain 
secrecy which one of the two bodies is forced to maintain, the connexion is 
not always strong. It can easily happen that the solution of a particular 
difficulty in the war service may lie in some piece of knowledge far away 
from the immediate science of the enterprise and unknown to those who 
need it. 

1 l)elieve that the four statements which I have just made and briefly 
amplified are true, and must be acknowledged to l)e true by all careful 
observers. That being the case, it is of the utmost importance to move in 
the direction in which they point. We must ourselves be interested in any 
attempt to do so. We must wish to see that the vast and growing body of 
natural knowledge is most effectively employed in the service of the 
nation. 

The tremendous use of science in the present war tjompels us to think 
about the method of its use. Many suggestions have already been made: 
as, for example, that a Ministry of Science should be formed immediately. 
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In my opinion there is no solution here. A ministry would be too forma] 
and rigid at any rate for immediate needs; the most successful ways of 
using knowledge are personal and elastic. We must not attempt too much 
at once. Wo might be content if we could in some way bring Science as 
a whole into close relation with Government as a whole, if we could attach 
a central authority of science to the central authority of the country. The 
immediate application of science in any department of the country’s 
business should be made from within the department, not from without, 
and we have already a number of instances in which this principle is 
followed. The Department of Scientific and Industrial Research, which we 
are proud to think of as an original device of the Society, correlates many 
branches of industry with science: it is entrusted with the administration 
of large funds, and has had great successes. Similarly, the Medical Research 
Council administers funds and encourages research in the interests of the 
health of the people, and again the Agricultural Research Council has its 
own field of action. Each department of the Defence forces takes care of 
its own applications of sciorice. This is satisfactory so far as it goes. The 
need is rather for means whereby the Government, in its care for the whole 
sweep of the country’s business, can rely on and make use of the whole 
range of scientific know^ledge. 

It would seem that our Society itself is a body which is not used as it 
might be, though, as I have said already, a large number of our Fellows are 
individually taking j)art in the application of natural knowledge. Within 
its ranks are to be found men witli knowledge of every form of natural 
science. It would be well if by way of some small group of Fellows, selected 
for the purijose, it were consulted without hesitation whenever the need 
arose, and if it w ere kept so well informed that it might foresee occasions 
and needs. If that could be achieved, a forward step would be made, 
which in due time would be followed by others. It would be a very proper 
step to take, being a continuation and extension of a process whicli already 
exists. To use a modern term, science is irresistibly making its way into 
general use by a peaceful penetration”, which in the end is far more 
eflfective than a violent movement; all the more so because science is not 
out to fight present methods of rule and economy but rather to strengthen 
with new knowledge df facts and princij)les. We have often proved in this 
country the practical value of making use of existing institutions rather 
than founding new ones, when the old are full of vigour and can carry new 
grafts without strain. That is why the Royal Society, as a body of high 
consultative value, is ideally fitted to form the next link between know¬ 
ledge and practice. 
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There are two subsidiary consequences of the present position of science 
which need to be remembered. We have not long passed the stage, if 
indeed we have quite gone past it, when our knowledge of Nature is used 
as a reference library is used. The knowledge is there, on the shelves, to be 
taken down when anyone wants information on a particular point and 
happens to remember where possibly it may bo obtained. 

Anyone who wants to use a library effectively must already have some 
knowledge of the same nature as that which he hopes to find there. If not, 
he does not know where or how to look; nor can ho grasp fully what he 
finds, even if he happens to hit upon the right book. For a parallel reason, 
it is most important that a general knowledge of science should be diffused 
among the people, and especially among those to whom it falls to guide 
and govern. 

A second consequence is that the supply of men capable of the study and 
interpretation of the natural world mtist be made continuous. An instance, 
special to the moment, is the present ])olicy of reserving able men in their 
final year at Universities and technical institutions so that they ai‘e not 
absorbed too early into the fighting services nor into inapi)ropriate branches 
thereof. This is necessary; but it is not all that is necessary. National 
interests demand that the water shall not be diverted higher up the stream. 

And it may be weU to add here, that the care for those who can in due 
course be expected to supply the knowledge of Nature and to assist in its 
use, is not the nation’s only care. It would be absurd to overlook other 
knowledge: I am but limiting myself to matters with which the Society is 
especially concerned. 

Let me now turn to a question of pure science. When the new methods of 
X-ray analysis were first introduced a quarter of a century ago there was 
naturally no clear realization of the extent and character of the fields of 
research in which they would eventually be employed. Certain applications 
were found for them at once, but the years have brought wide and xm- 
expected developments. Some of these are gathering themselves together, 
and, in conjunction with other methods of physics and chemistry, begin to 
form what might well be called a new branch of science. 

In the early phase of the X-ray crystal studies the object of interest was 
the perfect crystal; in the later phase attention is directed towards the 
departures from perfection, which turn out to be of the greatest interest 
and importance. 

It will be remembered that the method of analysis of the structure of 
matter by means of X-rays was based upon a suggestion made by Dr Laue. 



303 


Annivermry Address by Sir WiUiam Bragg 

If the atoms in a crystal were in regtilar array, the passage of ether waves 
through the crystal should be accompanied by diflFraction effects provided 
that the lengths of the waves were of the same order of magnitude os the 
spaoings of the atoms. In the case of the ether waves emitted by an X-ray 
bulb—^if indeed the X-rays were ether waves, of which there was some 
doubt at the time—there were reasons to suppose that the wave-lengths 
wore of the magnitude required. The experiment was made, and was 
successful. 

The diffraction effects provided means whereby the crystalline arrange¬ 
ments could be calculated. The researches of the first few years of X-ray 
analysis were therefore concerned with the character of the crystalline 
arrangement in a number of the simpler cases. As confidence grew and 
skill increased more difficult structures were attacked, and indeed it has 
been very surprising to find what complicated structures can be un¬ 
ravelled. One helpful circumstance has been the existence of families of 
substances, since the progressive differences in the members of a family 
gave rise to corresponding changes in the diiiraction patterns. Thus, for 
example, the large family of silicates was examined and the connexions 
between composition and diffraction effects, and again between the latter 
and structure, were observed and compared. Certain simplicities and 
uniformities then appeared and it became possible to put in order a mass 
of details wliich had not previously apjieared to have any relation with 
each other. 

It was not long before the results in the field of research became so 
numerous that books of no small size were required to contain them. In 
thousands of cases the dimensions of the unit cell of the crystal were 
determined, and at least the space-group or character of the arrangement 
of the atoms within the cell. In a number of these cases the exact relative 
imsitions of the atoms could be found, though this additional task has often 
been formidable. Work of this kind continues, and rightly so, to be the 
occupation of many investigators. All such work belongs to the first phase 
to which I have referred. 

The application of the X-ray methods has for some time been entering 
on a second phase. It now deals with a natural phenomenon differing 
entiiely from that which was the first to be examined. The earlier work 
was concerned with the arrangement of the atoms in a perfect crystal, that 
is to say a body in which the mutual forces are balanced, and the arrange¬ 
ment is complete. Thermal movements may still be there, but the average 
dispositions of the atoms are settled, and are uniform throughout the body 
of the orystal. 
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It is doubtful whether there is such a thing as a perfect crystal large 
enough to be handled; perhaps the crystals of diamond and graphite are 
nearest to perfection. In almost all cases there are deviations from complete 
uniformity. A crystal that has every appearance of being perfect may 
consist of an assemblage of minute crystallites, more nearly perfect indi¬ 
vidually but lacking uniformity of orientation to a greater or less degree. 
Other bodies that do not aj)|>ear to be crystalline at all may consist of 
crystallites oriented so irregularly that the bodies seem to be isotropic. The 
crystallites may vary in size as well as in relative orientation. Two or more 
crystal forms may be present in the same body, so mixed together that only 
the X-ray methods can make any attempt to disentangle them. Some¬ 
times one greater lattice overrides in a more or less regular fashion a 
smaller lattice as a pattern of ploughed fields may override a pattern of 
furrows. Also a lattice may be distorted by strain. In a substance in the 
liquid state there may be associations and partial arrangements sufficient 
to show X-ray diffraction. 

Moreover, arrangements and dimensions may vary with time, both in 
solids and liquids; some forms or extents of arrangement may even dis¬ 
appear, new forms may appear at the expense of the old. Perfection of 
crystalline arrangement is a goal which is never achieved. And in fac^t the 
processes of the world are based upon such deviations from perfection, and 
their continuous modification. If all arrangements of atoms were com¬ 
plete, there would be nothing left but stagnation and the ])eace of death. 

It will be seen therefore that a new field of research of extraordinary 
interest is being ox^ened up. It is in this field that the i)hysici8t and chemist 
and indeed scientists of every persuasion must look for explanations of 
many of the prox^crtios of their materials such as their relations to mag¬ 
netism and electricity, thermal conductivity, tensile strength, various 
surface effects and so on: as also the tinie-chaugos in these prox)ertie8, 
such as the creep to which the engineer has to give so much attention. 
Properties such as these have been called by Orowan and others the 
sensitive'’ properties since they dex)end on the particular state of a body, 
which state in turn depends largely on the conditions of the new field of 
which I am s})eaking. The biologist finds interest in it, because the life 
processes seem to involve the relations between large aggregates, molecules 
or assemblages of molecules, with one another or with media in which they 
are imbedded. Somewhere in this field life and matter are first found in 
association. 

It may seem unreasonable to expect help in the resolution of such 
complications from the X-ray diffraction effects. It is to be remembered. 
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however, that the X-ray photographs are very rich in information* The 
gratings are three-dimensional and may be examined from a variety of 
aspects; each photograph or spectrometer record is a two-dimensional 
diagram of positions and intensities of diffracted sjKjts. A light spectrum 
of the ordinary kind is uni-dimensional only. The photographs vary in 
definition, being less easy to read as they deal with more complicated cases; 
but the technique is rapidly improving. 

The earliest of these phenomena of the larger field was the so-called 
mosaic effect. A crystal of rocksalt, for example, is a mass of small crystals, 
each of which approaches to regularity far more completely than the whole. 
The separate crystallites are not in perfect alignment with each other. 
Hence arose one of the perjJexities of the early days. It was extraordinary 
to find that the less perfect crystal reflected the X-rays in greater intensity 
than the more perfect and that the reflections from the face of a crystal, 
quartz, for example, might be increased if the surface was roughened. The 
puzzle is solved if we remember that, as Darwin and others pointed out, one 
crystallite may screen another. If the orientations of the two are exactly 
the same, and they are set at the proper angle for reflecting the incident 
X-rays the first crystallite will partly absorb the rays in producing its 
own reflection and tlie lower will not have its full o])portunity. But if, as 
is usual, the crystal is moved through small angles about the above setting 
so as to give every crystallite its chance—provided that the X-rays can 
penetrate the crystal so far as to reach it—and if the second is in the right 
orientation for reflection when the first is not, then the incident rays get 
through the first and are reflected by the second; the integration of all effects 
therefore gives a larger total when the crystallites are not parallel. This mosaic 
character is very common, even in crystals of the purest material. There 
are indications, as remarked by Goetz and others, that in some cases at 
least it is the state of greater equilibrium. Thus W. A. Wood shows that 
crystals of copper and other metals of extreme purity are reduced by cold 
working to crystallites in more or less complete disarray. The substances 
do not then return to their former state, though they can be taken some 
way towards it by moderate heating. To restore them to their original 
state it wotild be necessary to begin over again from the melt. A similar 
effect was shown by Ewald to occur in the case of rocksalt. It may also be 
significant that of the two forms of diamond examined by Robertson and 
Fox, that which is the more transparent to infra-red and ultra-violet and 
may therefore be taken to be in greater internal equilibrium, is also the one 
in which there is some mosaic character. 

If this form of disintegration of a larger crystal into crystallites is really 
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due to the release of energy, it might be expected to proceed until the 
process was complete and the substance became amorphous. Wood shows 
that it does not proceed indefinitely and that the copper crystallites have 
an average linear dimension of about 700 A; for silver the figure is 800, for 
nickel 1200, and so on. The disintegration ceases at a certain point. The 
metals were of extreme purity. Unless it appears that the mere trace of 
impurity governs the eflFect, it must be supposed that the disposition to form 
aggregates of definite magnitude is present in the copper atoms themselves. 

The presence of crystallites of a definite pattern, their dimensions, their 
preference for any particular orientation in relation to the body which 
contains them and their proportional amounts are all determined by the 
X-ray photographs. It is to be remembered that the diffraction spectra of 
a compound of different crystallites do not modify nor disturb each other^s 
evidence. The data on which calculations are based are the forms and 
intensities of the spots and lines in the X-ray photography. The calcula¬ 
tions are often difficult and lengthy because so many factors have to be 
taken into consideration; in fact there is plenty of evidence, and the most 
troublesome part of the business is its interpretation. 

It will be readily understood that such measurements as these can be of 
great assistance in the study of metals. It is possible to examine in a new 
and most effective way the phase diagrams of the metallurgist, and the 
various effects of composition, temperature and time, and this not only for 
binary alloys but also for ternary and still more complicated mixtures. 
With these powers in hand, and with the remarkable accuracy of the 
modern X-ray spectrometer which can show minute changes of form due to 
temperature or an admixture of foreign atoms and can show also any 
variations in the extent of order and disorder in the atomic arrangements, 
it is not surprising that theoretical metallurgy has acquired a new life and 
that practical metallurgy begins to gain thereby. 

Since the X-ray methods can do so much to discover the composition of 
molecules, even very large molecules such as the phtholocyanines (Robert¬ 
son) or the sterols (Bernal, Crowfoot and others), and also to determine the 
arrangement of the molecules in crystalline aggregates and yet further to 
find any preferred orientations that there may be, the methods can be 
fitly used for the examination of fibrous materials. In cotton, silk, rubber 
and many other substances there are long chain molecules which are linked 
together into crystallites having preferred orientations along the length of 
the fibre. So also nerve, muscle, horn and such like contain proteins and 
keratins in fibrous forms. It is even possible, as Bernal has shown, to find 
some details of the composition, structure and arrangement of immense 
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moleoules such aa those of a virus. Very interesting papers on these subjects 
have been communicated to our Society, some of them during the present 
year. 

It is to be observed that the extension of the X-ray methods to these 
larger scale problems is greatly facilitated by extrapolation from simpler 
observations. In the case of organic substances the modes of assemblage 
into characteristic combinations of atoms, such as the association of carbon 
atoms in the benzene ring, are governed by rules which are so closely 
followed in the simpler cases that they can be assumed to hold in the more 
complicated. These rules relate to the distance from atom to atom in 
various cases, and the mutual orientations of atoms. In this way very 
important suggestions have been made in respect to the construction of the 
more diffi cult assemblages. 

It is to be remembered, of course, that there are other physical methods of 
observation which contribute to the understanding of the complex sub¬ 
stances of Nature, which are all the more efficient now that the X-ray 
methods are able to make their characteristic contribution. First of all 
comes chemical science, the power of which is so obvious and well known 
that I need not do more than refer to it. Optical properties have been 
found to be extremely useful. So also the magnetic properties are found 
to be closely related to structure. Thus, for example, the disposition of a 
molecule containing benzene rings can often be predicted from diamagnetic 
measurements. 

The sum total of these powers, some new some old, all reinforcing each 
other in a common advance, is so great that, as I have ali'eady said, a new 
field of enquiry of first rate importance has been well entered. That which 
the eye can see is one thing: that which the microscope reveals is another. 
Far beyond any vision is the individual atom and the atomic nucleus, of 
which so much has been discovered in recent years. But a vast range of 
magnitudes, lying approximately between 10 and 10,000 A has never been 
accessible to the direct attack which the ranges on either side of it have 
experienced. Within this range lie all the processes which are concerned in 
the building of living substances, animal and vegetable, and in the changes 
of growth and decay. In this range, lie also elements that are the origin 
of the properties of our materials, alloys, glasses, fibrous substances of all 
kinds, and here take place transformations which change these properties 
some of them rapid especially when urged by heat, some so slowly that 
centuries must pass before they become visible or effective. The recent 
advance into this new field is only the preliminary to what is sure to follow. 
We have before us an enquiry of supreme interest. 
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Atmrds of MedaU, 1939 

The CoPiiiCY Medal has been awarded to Professor Thomas Hunt 
Moeoan. 

In those branches of biology which are called Botany and Zoology the 
most important advance during the jjresont century has been the develop¬ 
ment of Genetics. The establishment of definite laws of heredity, and the 
discovery of the mechanism, the gene, by which hereditary qualities are 
carried on from generation to generation, has revolutionized our outlook 
on the function of the nucleus of the cell and of the chromosomes it 
contains; it has enabled us to understand the significance of the maturation 
of the germ cells and of fertilization as they occur in higher animals and 
plants, and thus led to a very rapid development of nuclear cytology. The 
theory of the gene has given us a new outlook on the determination of the 
development of an animal or plant. But nowhere has gcriotics produced 
greater changes than in our attitude to evolution. TJie observation that 
mutations arise de novo at a definite rate, that the number of different 
mutations occurring in a single species may be very large and that the 
mutations in allied species are essentially identical, have shown us for the 
first time the materials which are available as a basis for evolutionary 
change. The quantitative nature of genetics has made it possible to examine 
the effects which result after many generations from the establishment of 
a community by a few individuals of diflerent hereditary composition, 
and to estimate the effect of a definite advantage attaching to one particular 
quality on the ultimate composition of a population. It has thus put the 
Theory of Natural Selection on a sound theoretical basis. Furthermore it 
has enabled us to observe indirectly the effects of natural selection in wild 
populations, and to plan experiments to determine its effects. 

The practical applications of genetics are as important as its influence 
on theory. The whole of the breeding of many cultivated plants including 
maize is now firmly based, and the process of improvement immensely 
hastened by cytological examination. Genetics is already influencing 
animal breeding, and in its modem developments is throwing much light 
on the jmssibility of controlling hereditary diseases in man. Thus the 
influence of genetics is already very widespread, and it will become 
important even in fields in which it is now little appreciated. 

In the development of genetics the work of the Morgan school has been 
paramount. It is to Morgan that we owe that exploitation of Drosophila 
meUinogaster which is the basis of most modem developments. To him we 
owe the theory of the gene, which is fundamental, and the explanation of 
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“crossing over” which forms the basis of the conception of the linear 
arrangement of the genes and the chromosomes. From these starting 
points all other work springs, and much of this work comes from Morgan 
himself, his associates and his students. Thus, although in the case of a 
man working for many years in the closest association with very able men, 
it is impossible to isolate his individual contributions, it is evident that 
Morgan has done more than any other man to establish genetics and thus 
to revolutionize our 4dea8 in many different fields of work, in practical 
affairs as in pure theory, 

A Royal Medal has been awarded to Professor Pattl Adrien Maurice 
Dirac. 

Dirac’s chief work has centred around the fundamental principles of 
modern theoretical physics. The new quantum mechanics was discovered 
by Heisenberg in 1925. Dirac at once realized the great importance of this 
discovery, started to work out its fuller implications and by a remarkable 
combination of originality, mathematical skill and uncanny instinct rapidly 
established himself as a gi^at leader in this field. His earliest efforts were 
directed towards tidying up the intermediate field between that of the 
new quantum mechanics and the Newtonian. In this connexion he 
established the importance of the Poisson bracket expressions of the old 
mechanics. An early and very important paper was on the fundamental 
equations of quantum mechanics. This was a generalization of any earlier 
work in this field and for the purpose he introduced a new algebra, that of 
non«commutative numbers. 

I^robably his greatest achievement was that of ending the conflict 
between quantum mechanics and relativity mechanics by showing how to 
make the fundamental equations of quantum mechanics invariant under 
a Lorenz transformation, at any rate to a first approximation which has 
not yet been improved on. This led to a revision of the theory of the 
hydrogen atom which confirmed Sommerfeld’s formula for the fine 
structures of spectrum lines and X-ray levels. This formula had been 
derived hitherto from a mixture of empirical results and theoretical 
guidance but had not been deduced from general fundamental principles. 
The idea of a quantized electron spin also fitted naturally into the now 
theory. The harmonization of the quantum and relativity mechanics also 
required the introduction of the strange conception of negative energy 
states (holes) and this is generally regarded as a prediction of the existence 
of the positive electron (positron) since discovered by Anderson. 

His book The Principles of QwmVwm Mechanics is an important and 
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original work, a comprehensive account of the subject by an acknowledged 
master in this held. 

A Royal Medal has been awarded to Professor David Keilin* 

Keilin’s contributions to entomology extend over nearly thirty years. 
In the main they concern the higher Diptera: with critical ability and a 
great capacity for detailed observation he has demonstrated the very 
close congelation that exists between larval structure and habits in these 
insects. As the result of Keilin’s work it has become possible to deter¬ 
mine the habits of almost all such larvae from an examination of their 
mouthparts and pharyngeal ridges. Among his many papers those on 
carnivorous Anthomyiidae and on the remarkable life-cycle of the parasite 
of Pollenia rudis deserve especial mention, 

Keilin’s main contributions to biochemistry have been his studies on 
cytochrome, published in a series of papers from 1925 onwards. These 
have filled an important gap in our knowledge of cell respiration and, 
in particular, have shown how various mechanisms, the existence of 
which was already known, are related to one another through the 
linking mechanisms which Keilin himself has discovered. He has shown 
that cells contain a respiratory pigment, cytochrome, composed of at 
least four components related to haematin. One of these is in all probability 
the enzyme previously known as indophenoloxidase. The catalytic activity 
of this enzyme dei>end8 entirely on co-operation with the other three 
components of cytochrome. The complete cytochrome system forms within 
the cell a highly active catalytic mechanism which by utilizing molecular 
oxygen can easily oxidize hydrogen atoms of certain substrate molecules 
which have been activated by dehydrogenase systems. This shows that 
the enzyme component of cytochrome may be identified with the previously 
undiscovered oxygen-transporting enzyme of Warburg and his co-workers. 

Other work of Keilin in this field has included the characterization 
of certain oxidizing enzymes which make use of molecular oxygen, 
and the preparation in a pure condition of the polyphenol oxidase of 
mushrooms. The latter has been shown to be a copper protein compound. 
Recently he has also isolated in a pure state copper protein compounds 
from blood corpuscles and liver (haemocuprein and hepatoouprein) which 
may be of biological importance though they are not apparently concerned 
in oxidase reactions. Keilin has thus provided us with an integrated 
picture of cellular respiration which, though it does not cover all respiratory 
mechanisms, is an enormous advance on the much less systematized 
knowledge that we had before his work was published. 
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The Davy Medal hae been awarded to Professor James William 
McBaik. 

MoBain’s claim to special recognition rests essentially on the circum¬ 
stance that he created, and has led the development of, a new and im¬ 
portant chapter of physical chemistry—^the study of colloidal eleotrolyi^es. 
It was as the result of a long series of precision measurements on the 
electrical and thermodynamic properties of soap solutions that McBain 
originally defined this new class of materials, which combined in a special 
way the properties of colloids and electrolytes. The definition and con¬ 
stitutional theory proved to be the key to the orderly exploration, which 
thenceforth proceeded with continually growing impetus, of a large and 
fruitful field—incidentally one of considerable technical importance. The 
materials include soaps, nearly all modern synthetic detergents, a number 
of inorganic substances such as silicates and telhirates, as well os many 
dyes, proteins and biocolloids. The value from a physical point of view of 
their classification as coUoidal electrolytes, and the general correctness of 
the micellar description of the thermodynamic and electrical properties 
which distinguish these materials, are to-day universally recognized. 

In the continued investigation, in which numerous workers have con¬ 
tributed to the general development of the subject, McBain has been a 
leader, and his work has thrown much light not only on the special 
properties of the ionic micell, but also on the physical proi>erties of colloidal 
particles as a whole. In the course of this work a great variety of experi¬ 
mental methods have been developed—chemical, electrical, optical and 
mechanical methods—which are novel in their application and are in some 
cases novel in themselves. Reference may bo made to the quantitative 
study of ‘‘solubilization'’ and the elaboration of the air-bome ultra- 
centrifuge in illustration of MoBain’s versatility of technique. 

In addition to the composition and organization of a colloidal particle, 
its interface with the continuum has a decisive influence on its properties, 
and this gives special importance to the section of MoBain’s work which 
deals with the structure, composition and depth of macroscopic interfaces, 
especially of the surfaces of colloidal electrolyte solutions. Here also he 
has devised many methods of study, one of the most striking being the 
“microtome” method whereby the outermost layer of a solution can be 
peeled off with a rapidly moving knife blade so that the surface con¬ 
centration of solute can be directly determined. 
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The Hughes Medal has been awarded to Professor George Paget 
Thomson. 

Thomson’s researches have been spread over a wide range of experi¬ 
mental and theoretical physics. 

Most of his earlier experiments were connected in some way or another 
with positive rays, and in tliis field he obtained a numl>er of valuable 
results. Probably the most important of these is his discovery that the 
small anglt scattering of protons in hydrogen could not be accounted 
for by treating the protons and electrons as point charges obeying the 
inverse square law of force, but that there must bo some other law of 
force operating at the small distances of approach during the very close 
encounters involved. 

The scope of his work in pure physics is indicated by the titles of three 
books he has written or, in one case, helped to write. These ar^: The Atom, 
Wave Mechanics of the Free Electron and the third edition of Conduction 
of Electricity through Gases. The last is a joint effort with his father and is 
the most important work there is on the subject. Within this range his 
work is both exi)erimental and theoretical, but the experimental part 
predominates both in quantity and in importance. 

Thomson has also made notable contributions to aeronautics. They 
include research work for the fighting air services during the Great War 
of 1914-18, a book entitled Applied Aeronautics 1919, and various con¬ 
tributions to Government publications. 

Thomson’s most distinguished work is based on Davisson’s discovery— 
finally established in 1927—that electrons were reflected by single crystals 
as if they were possessed of the characteristics of waves. By brilliant 
experiments and able reasonings thereon, Thomson has opened out a new 
field of research which has been singularly fruitful and is still full of 
promise. He has been able to prove by direct experiment the correctness 
of Louis de Broglie’s ideas of wave mechanics, not merely qualitatively 
but also quantitatively. In fact electrons of mass m and velocity v on 
passing through a crystal give a diffraction pattern identical with that 
given by a beam of X-rays of wave-length X=^hjmv, where h is Planck’s 
constant, when passed in the same direction through the same crystal. 
In this way the lattice constants of the crystal can be measured instead 
of with X-rays, and in his first paper Thomson showed that the values he 
found using electron diffraction agreed to within one per cent with the 
values previously got by the use of X-rays. 



The magnetic susceptibility of nickel chloride 
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In the course of a study of the magnetic moment of a number of complex 
compounds of the transition elements it was soon found that the values 
given in the literature for most of the common paramagnetic salts were not 
sufficiently consistent to enable an y one of them to be used as a standard of 
reference. It was therefore decided to determine the susceptibility of 
nickel chloride in aqueous solution, since it was already known that this 
substance had a constant susceptibility over a wide range of concentrations. 
The nickel content of a solution can easily and accurately be estimated by 
precipitation with dimethyl glyoxime, so that a solution of nickel chloride 
forms a very suitable reference standard in calibrating apparatus designed 
for the measurement of magnetic suscof)tibilities. 

The method of measurement chosen was the cylinder method usually 
referred to as that of (louy. In this method the force F which is exerted on 
a cylinder of cross-section A by a magnet ic field of intensity and at 
the lower and upper ends of the specimen is given by 

F^lA{K^K,){H\^Hl), ( 1 ) 

where k is the volume susceptibility of the specimen and that of the 
surrounding medium. The force F was measured by means of a sensitive 
balance using the method of swings, so that the specimen was displaced a 
few millimetres during the weighing. It was therefore necessary to design 
the magnet so as to give a large region of uniform field //j and a very small 
value of //jj. The displacement would then cause no significant change in the 
difference in the squares of these fields. The determination therefore in¬ 
volves the measurement of and //g and the determination of the cross- 
section of the specimen A . 


Maqnist 

The magnet used was constructed of a special Lowmoor soft iron to 
minimize hysteresis and was built with a relatively large iron core (4 in. 
diameter) to diminish leakage at the gap and thus keep small. The coils 
were wound on brass bobbins which were separated from the core by 
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wooden wedges. The heat generated in the windings was thus not com¬ 
municated to any great extent to the massive core but was largely dissi¬ 
pated by copper radiator plates mounted between the coils. The tempera¬ 
ture within the gap was recorded by a multiple junction copper-oonstantan 
thermocouple mounted on the small brass distance piece: when a current of 
5 amp. was passed through the windings for 15 min. the rise in tempera¬ 
ture in the gap was less than 1“ C. The current for exciting the magnet was 
taken from D.C. power mains and was measured by a screened Weston 
ammeter; it could readily be maintained constant to 0*01 amp. The pole 
pieces were cut down to circular faces 8 cm. diameter and were adjusted to 
be accurately parallel. A fixed interpole distance of 2 cm. was used through¬ 
out the experiments described below. 


Measttrement of field 

The circxiit used for measurement of the field is shown in figure 1. When the 
search coil 8 is suddenly removed from the gap it lifts the stiff wire Q from 
the mercury cup C and thus breaks the circuit which includes the primary 
of the standard mutual inductance M, This induces a flux in the secondary 
of M opposite in direction to the flux produced by removing the search 



coil from the field. If the current i in the primary of M is suitably adjusted 
the integrated ofiect of these two pulses is zero and the fluxmeter F gives 
no permanent deflexion. The current in the primary of M was measured 
by the potential drop in a standard ohm as indicated in figure 1, The Grassot 
fluxmeter F is thus used as null instrument; it was fitted with a mirror and 
scale and gave ample sensitivity. The precision with which the balancing 
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current could be determined was found to be better than 1 part in 1000. 
The field H is given by 

H - 100 iM/S, (2) 

where i is the balancing current in amperes, M the mutual inductance in 
microhenries and 8 the effective area of the search coil in cm.®. The 
standard ohm used in measuring i had been calibrated at the N.P.L., and 
the potentiometer had been carefully calibrated for other work so that the 
instnimental errors in measuring i could be regarded as negligible. M was 
a Cambridge fixed mutual inductance of nominal value 10,000 mH. The 
maker’s certificate gives the true value as 10,003-5 mH, and this value was 
used in our calculations. It remains therefore to determine the effective 
area of the search coils with as high an accuracy as possible. 




For this purpose we used the circuit shown in figure 2, which in principle 
involves a measurement of the mutual inductance of the search coil with 
the pair of Helmholtz coils AB. This was done by reversing by means of the 
switch BS the current which flowed through the Helmholtz coils and 
through the primary of a Campbell Mutual Inductometer C, The mutual 
inductance between primary and secondary in this instrument was then 
adjusted until reversal of the current gave no deflexion of the sensitive 
long period mirror galvanometer O. A coil of measured area was then sub¬ 
stituted for the search coil and the measurement repeated. Provided that 
the field is uniform over the volume occupied by the search coil and by the 
“area” coil the areas will be proportional to the mutual inductances 
measured on the instrument JB, 
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The use of Helmholtz coils instead of a standard solenoid has many 
advantages. The field is less subject to local variations, the area coils are 
accessible for adjustments and short circuiting, and the twin coils can be 
put into opposition for precise symmetrical setting of the coils whose area 
is to be measured. 

The mutual induc!tance M between the twin coils in conjunction and 
series and a solerioidal coil C situated as shown in figure 3 is given (Llewellyn 
1934 ) by the series 

MjOq = 1 

sd r 

+ ^ +K) + W). 

+ ... (3) 

where G is the galvanometer constant of A and B at the centre of sym¬ 
metry and q is the area of C, The other quantities in this equation are 
indicated in figure 3. 


A B 



FiauHE 3 

For the Helmholtz position x = and the second term in ( 4 ) vanishes. 
From the dimensions of the twin coils and of the area coils the third term 
was found to be less than 10 “ Hence in our experiments the area of the 
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ooils placed in position as shown in figure 3 can be assumed to be strictly 
proportional to the measured mutual inductance Jf. 

The large twin coUs each had 604 turns of d.s.o. copper wire s.w.g, 16 
wound on an ebonite former to a mean diameter of 32*8 cm,; they were 
accurately set up in the Helmholtz position with their planes vertical. 
A switch allowed the twin ooUs to connect in conjunction or in opposition; 
in both positions the coils were in series with a reversing switch, a steady 
source of D.C. and the primary of the Campbell Mutual Inductometer as 
shown in figure 2. 

Two area coils were constructed on ebonite formers turned down to a 
uniform circular cross-section. Coil A was wound with 111 turns of s.w.g. 
30 enamelled copper of diameter 0*0338 cm. on a former of diameter 
5*0105 mean radius of the winding was thus 2*622^ cm. and the 

area of the coil 2218*3 cm. Coil B was wound with 127 turns of the same 
wire on a former of 5*8163 cm. diameter; its area was 3413*5 cm.®. The 
windings were fixed in position with shellac varnish, the ends bent sharply 
at right angles and brought together at the middle of the winding, and the 
leads then twisted tightly together to reduce their effective area. 

Two search coils were constructed one of mean diameter 1*6 cm. and the 
other of mean diameter 3*0 cm., in order to test the uniformity of the field 
in the gap. The coils were wound in a groove in an ebonite bobbin and were 
supported by an ebonite rod passing through an ebonite plate which rested 
on the pole pieces during a field measurement as shown in figure 1. The small 
coil was wound with 300 turns of No. 32 d.s.c, copper wire and the large 
coil with 80 turns of No. 20 d.c.c. wire. The leads were twisted together 
and brought out along the ebonite rod at right angles to the axis of the 
coil. 

For the area measurements the coil was placed approximately in 
position at the centre of the Helmholtz coils which were connected in 
opposition. The Campbell Mutual Inductometer was set at zero, and the 
position of the coil to be measured was adjusted until reversal of the 
current in the Helmholtz coils gave no deflexion in the Cambridge high- 
sensitivity ballistic galvanometer. The coil was then symmetrically placed 
and coaxial with the Helmholtz coils. The Helmholtz coils were then 
connected in conjunction and the balance point found on the inducto¬ 
meter. The leads were then out off as close to the coil as possible, the ends 
twisted together and their mutual inductance to the Helmholtz coils 
determined. This lead correction was found to be very small. 

The numerical data obtained are given in table 1, in which M is the 
measured mutual inductance in microhenries. 
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The results for the field in the gap at various exciting currents are given 
in table 2, Before these measurements were carried out the faces of the 
pole pieces were made parallel by the aid of the small search coil. After this 
final adjustment with a field of more than 5000 G in the gap no deflexion 
could be detected in the fluxmeter when the search coil was moved 1*6 cm. 
from the central position in a plane normal to the axis of the gap. The field 
in the gap was therefore very satisfactorily uniform. In order to detect any 
hysteresis effects measurements were made after the exciting current had 
been maintained at higher and lower values. It was found that provided 
that the switch controlling the exciting current was opened and closed 10 
times before making the field measurements no residual effect of hysteresis 
could bo detected (vide last column of table 2). 


Table 1. Effective area of search coils 


(a) Area, coils 


Coil 

M (coil 4-leads) 

M (leads) 

Area 

Area per inH 

A 

613*3, 613-2 

0-2 

2218-3 

3-618 

B 

946*4, 946-6 

0-2 

3413-6 

8*613 





Moan 3-616 


(6) Search coils 



Coil 

M (coil 4-leads) 

M (loads) 

Area 


Small 

121-7, 121-6 

0-1 

439-6 


Large 

143-2, 143-2 

0-1 

617*6 



Table 2. Dkteemination of field in gap 

Exciting 





onrront 





amp. 

Search coil i 

H 


Remarks 

3*50 

Large 2*382 

4604 

After 2 amp. reading 

3-60 

Large 2-382 

4604 

After 6 amp. reading 

3-50 

Small 2-021 

4600 



3*50 

Small 2022 

4602 

After 5 amp. reading 



Mean 4603 



5-00 

Large 2*636 

5080 



5-00 

Large 2-232 

5096 





Mean 6087 




The residual field in the gap after exciting the magnet with 6 amp. was 
found to be 66 0. The square of this is quite negligible with respect to the 
square of the field when the magnet is excited. The stray field above the gap 
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was determined with the small search coil. In table 3, a: is the distance in cm. 
of the centre of the search coil above the centre of the gap. 


Table 3. Stray field 

Field with exciting current of 


X 

3*50 amp. 

5*00 amp. 

6-7 

1070 

1178 

76 

787 

874 

0-4 

473 

522 

10*8 

339 

379 

11*9 

274 

305 


Measurements of susceptibility 

The susceptibility measurements were made in a glass tube about 20 cm. 
long. The lower end was ground flat and closed by a glass disk held in 
position by a trace of Apiezon wax. The upper end was closed by a rubber 
stopper carrying a glass hook so that the tube could be suspended from one 
arm of a long-beain Oertling balance with the lower end at the centre of the 
gap. The pull caused by the field was determined by the method of swings 
using a carefully calibrated set of weights. A number of balances were 
tried, but whilst most of them gave ample sensitivity the construction of 
the pan suspensions caused sudden changes in the zero of the order 
0*05 mg. when the beam was clamped and released. The long-beam Oertling 
balance was found to be very satisfactory in regard to steadiness of zero; 
by its aid the errors in weighing were reduced to the order of O-Ol mg. The 
pull on the empty tubes was determined and used to correct the readings 
for the nickel chloride solutions. 


Calculation of susceptibility 

For a cylindrical column of cross-section A the fore© F produced by the 
magnetic field is • 

F = (4) 

where is the volume susceptibility of the specimen, 

Ka is the volume susceptibility of air, 

A is the cross-sectional area of the specimen. 

Hi «the field at the lower end of the column, 

Hf the field at the upper end of the column. 
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If / is the force measured by the balance in milligrams and 8 is the density 
of the specimen 


10 ®;^^ 


10«/r 0-029 2 x 0-981/ 


S S ^AS(H\-Hiy 
eince = 0*029 x 10"®. 

It is therefore necessary to know A and 6 as well as the field. 


(fi) 


Nickkl chloride soltttions 

Two solutions were prepared from Aualar quality nickel chloride free 
from iron and cobalt. The solutions were analysed by weighing 1-2 g. 
accurately, diluting, and precipitating with an excess of dimethyl glyoxime. 
The precipitate was filtered and washed on a sintered glass crucible and 
dried to constant weight at 120^ C. 

Solution I : Found NiCl^, 23-10%, 23*15 %: Mean 23*15 %. Density at 
20°: 1-255 g./c.c. 

Solution 11: Found NiClg, 34*19 %, 34-22 %, 34-28 %: Mean 34-23 %. 
Density at 20 °: 1-416 g./c.c. 

Cross-section of tube 

This was determined by direct measurement of the diameter with a 
reading microscope fitted with a bifilar micrometer eyepiece. The tube 
used had an accurately circular cross-section of diameter 1*377 + 0-002 cm., 
whence A - 1*490 cm.*. 

The cross-section was also computed from the weight of water which 
filled the tube to a given mark. Correcting for the volume of the meniscus 
this method gave A - 1*488, 1-487 cm.*. The mean of all three determina¬ 
tions 1*488 was used in the calculation of the Busceptibilities. 


Susceptibility of nickel chloride 

The experimental results are collected in table 4. From the susceptibility 
of the solution the susceptibility jier gram-molecule of anhydrous NiClj was 
calculated, assuming for water the value x— -0-720x 10 '®. The lost 
column of the table gives the values for x%ch cfl'lt^'dated by Curie’s law 
from the observations. 

The probable error calculated from these twelve observations is 6 x 10"“®, 
There are, however, uncertainties in the determination of the field and in 
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the measurement of the cross-section of the tube. When these are taken into 
account our experiments give for the molar susceptibility of nickel chloride 

10VnTcu = 4436±12. 

The mean value is in good agreement with the observations of Weiss and 
Bruins ( 1915 ), who obtained 4441 and of Brant ( 1921 ) who found 4423. 
Weiss and Bruins used a modification of the Quincke method with im¬ 
provements due to Piccard, and their results are based on Piccard’s value 
for water = — 0-7193 x 10 ®. Brant employed the Gouy method and 
compared the force exerted on the solution with that on a known current 
passing in a loop of metallic foil mounted on the containing vessel. 


StlSOEPTIBTLITY OF NICKEL CHLOBIPK 


AlroIii, 

X 10« 


^ 101 , 
X 10» 


vS»“ 

/imaia 

X I0» 


Table 4, 


Solu¬ 

t 

1 

tion 


orn. 

I 

190 

10-14.5 


19'7 

10-145 


191 

10-145 


19-8 

10-146 


202 

10-145 

II 

13-9 

10-145 


U‘2 

10-145 


16*8 

10-145 


17-4 

10-145 


17-7 

10-146 


14-4 

10-145 


14-6 

10-145 


Hi 

H. 

/ 

gHU8B 

gauBs 

mg. 

4603 

396 

147-49 

4603 

395 

147-03 

4603 

396 

147-87 

5087 

442 

179-60 

5087 

442 

179*38 

4603 

395 

258-6 

4603 

395 

267-9 

4603 

395 

267*3 

4603 

395 

257-2 

4603 

395 

256-9 

5087 

442 

316*2 

5087 

442 

315-3 


7-388 

4447 

4441 

7-364 

4435 

4428 

7-406 

4457 

4443 

7-364 

4434 

4431 

7-362 

4433 

4436 

n-470 

4623 

4429 

11-440 

4511 

4422 

11-387 

4493 

4443 

U-383 

4492 

4451 

11-370 

4486 

4451 

n-457 

4618 

4431 

U-460 

4519 

4434 


Moan 4430 ± 0 


Calibration of experimental tvtbes with nickel chloride solutions 


If the molar Buaceptibility of nickel chloride is 4436 x 10 “* at 20 ° C, the 
susceptibility jHsr gram at an absolute temperature T in the neighbourhood 
of room temperature will be O-OIOOS/T. Hence the susceptibility of an 
aqueous solution to contain a fraction x by weight of nickel chloride will be 
given by 


= 0-720 (1-x). 


(0) 


When such solutions are used to calibrate small tubes for use in the Gouy 
method it is not easy to determine the mean cross-section of the tube be¬ 
cause of irregularities at the lower sealed end. The weight of substance 
filling the tube to a fixed reference mark is readily determined and the sus- 
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oeptibility can be expressed in terms of this weight and the force exerted 
on the specimen by the field provided that due regard is paid to the correc¬ 
tion for the meniscus. 

Let A be the cross-section of the tube and V its volume up to a hori¬ 
zontal plane at the reference mark. When the tube is filled with a liquid the 
level is adjusted so that the bottom of the meniscus touches the mark. Let 
the volume of the meniscus be v. Then 


0-029 2 x0-981/ 


If w is the weight of substance in the tube d = w/(F -ft;) 

'{‘^V}A(U\-H\)w 


106 v = 0-029( F + ^),/j I ^>\2 xO-981F / 
^ w 

0-029(F + t;) 


where 


2 X 0-981F 

A{H\-H\y 


(7) 


( 8 ) 

(9) 


For a given tube and fixed values of f/j and jE/g A i« a constant. The factor 
(1 -f v/F) does not differ much from unity in suitably designed tubes but 
cannot be neglected. (F -f t;) can of course be determined from the w^eight of 
water filling the tube to the mark. For tubes of not too large diameter the 
mensicus may be assumed to be hemispherical when v = ^Trr®, where r is the 
radius of the tube. For larger tubes it is necessary to know the capillary 
constant of the liquid and to use tables of meniscus corrections (LC,T, 
1926). In the table below the value of (l-fi;/F) has been calculated (a) 
assuming that the meniscus is hemispherical and (6) using the table of 
meniscus volumes and assigning to the liquid a capillary constant equal to 
that of water. The column of liquid is assumed to be 10 cm. long. 


r 

1+v/F 

If v/r 

cm. 

(a) 

(&) 

0-10 

I 0038 

1-0033 

0-20 

1-0067 

1-0061 

0-30 

1-0100 

1-0082 

0-40 

1-0133 

1-0099 

0*50 

1-0167 

J-0108 


It will be seen that for tubes up to 0-6 cm. in diameter the use of the 
simpler method of calculating the menisous volume does not introduce an 
error of more than two parts in a thousand in the factor (1 -hv/F). 
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When this factor is known fi can be calculated by equation (8) from ob¬ 
servations off and w for a nickel chloride solution of known susceptibility. 
This equation may also be used to calculate the susceptibility of another 
liquid filling of the tube provided that its capillary constant is not too low* 
If, however, the tube is evenly packed with a powdered solid to give a 
column with a flat top at the reference mark, then the factor (1 +1?/ F) must 
be omitted and the susceptibility calculated by the equation 


io«x- 


0-029 F 
w 



( 10 ) 
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Band spectra of cathodo-luminescence 

By S. T. Hbndbrson, Ph.D. 

(Communicated by N. F. Mott, F.R. 8 .—Received 7 July 1939) 

[Plate 11] 

1. iNTBODtrOTION 

Much has been published on the emission spectra of solid fluorescent 
materials when excited by various kinds of radiation, especially ultra¬ 
violet light. The study of the comparatively few cases of line emission, for 
example, by Tomaschek and by Deutschbein, has given precise results in 
contrast to the very variable data available for band spectra. The methods 
adopted in earlier work for determining the position of emission bands have 
frequently been inexact or liable to subjective errors. Lenard and his 
school (1928) used the spectrophotometer or even a direct vision spectro¬ 
scope. Rothschild (1937) used photographic methods resembling those of 
absorption spectrophotometry, but in general the spectrophotometer has 
been employed most; it is unsuitable for the examination of cathodo- 
fluorescenoe on account of the difficulty of maintaining constant excitation 
during a long series of observations. In the present work, which is largely 
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concerned with cathodo-fluorescenoe at room temperature, the spectra 
were photographed, the densities recorded by a microphotometer, and 
from the resulting curves the intensities in the original emission bands 
calculated. By a similar method Schellenberg ( 1932 ), working on ultra¬ 
violet excitation, and Kutzner ( 1937 ) on a-particle scintillations, obtained 
complex band systems which were analysed algebraically into hypothetical 
components. This was unnecessary for nearly all the materials considered 
below, which gave either single bands or complexes adequately separated 
by graphical methods. 

Most of the following is concerned with sulphide phosphors, which are 
among the simplest in constitution and the most widely used in present- 
day technical practice. The 8 hai)e of the emission bands, their position and 
fixity, and the effect of various activator metals were determined, and in 
particular the well-known series of solid solutions of cadmium sulphide in 
zinc sulphide provided interesting quantitative relations. Some compari¬ 
sons between ultra-violet and electron excitation were made: the usual 
assumption is that the same emission bands are produced in the two cases. 
The origin of the emission bands is considered briefly at the end of this 
paper. 


2 . Method 

The fluorescent materials were settled from sus|)onsion on small glass 
plates arranged in a continuously pumped, demountable cathode-ray tube. 
A defocused electron beam, kept at 5 kV throughout, was made to oscillate 
to and fro at 50 cyc./sec. to provide a luminescent strip about 15 by 4 mm. 
The slit of a Hilger constant deviation glass prism spectrcjgraph was 
arranged parallel to the length of this luminesc^ent strip and about 2 cm. 
distant. At 6500 A the slit width was equivalent to 5 A, at 5000 A to 3 A, 
at 4000 A to 1 A, while the dispersion was about 56 mm. on the photo¬ 
graphic plate between 6678 and 3650 A. Calibrating lines were superim¬ 
posed by a suitable selection from the spectra of mercury, helium, cadmium 
and silver. Exposures were generally from 1 to 5 min. with a beam current 
of 10“40/iA, and standard development was used. The negatives were put 
through a Moll recording microphotometer working at a magnification of 
about 7 along the wave-length direction. Prom the resulting traces the 
intensity distribution in the emission bands could be calculated. 

At any given wave-length the exposure E is proportional to the intensity 
I in the emission band, and 


logi? = -c-fD/y, 
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where D is the photographic density produced, y the slope of the straight 
part of the plate characteristic, and —c its intercept on the log E axis. 

Hence (i) 

where is a constant. 

If Iq is the intensity of the light falling on the plate in the microphoto¬ 
meter, the intensity transmitted by density 1) + </, where d is due to the 
glass, gelatine and fog, then 

log/o/^„ =/>+rf. (ii) 

The raicrophotometer trace shows a deflexion from the opaque level of x 
for clear gelatine, y at the point in question. From the linear response of the 
instrument 

Ifn “ 

where is a constant, and k^x = Iq 10“*^. 

/. x/y ^ 10^^ 

1 

from (ii), and from (i) (^/y)^ ^k^l. (iii) 

In general x was about 10 cm. Values of y were measured at 5 or 10 mm. 
intervals along the trace, and the corresponding wave numbers v found 
from calibration curves. The intensity curve was then plotted from values 
of 100/y against v. By putting y - 1 in equation (iii) no error was mauie in 
the position of the band or its mathematical form. The true width at any 
fraction of the peak intensity is, however, times that foimd on the 
assumption that y = 1. For most of the xflates used in this work y was about 
0-85. The mean value of d for five plates taken at random was 0-115. 
Along any given spectrum d varied by only ± 0*02 from its mean value for 
that particular photograph. 

The above discussion neglects certain sources of error. Below about 
Z) = 0*6 the deduced shape of the emission band is falsified by the usual 
“tail” of the plate characteristic, though its symmetry is preserved. The 
method of calculation adopted thus causes each band to decrease to in¬ 
tensity 1( «= lOO/x) instead of to zero, but this does not matter greatly. The 
upper limit of the straight characteristic was not reached. 

More important are the effects of uneven disi)er8ion in the optical system 
of the spectrograph, and the spectral sensitivity of the plate. Corrections 
for these sources of error are usually made by photographing a light source 
of known energy distribution, in the present case a tungsten lamp at a 
colour temperature of 2848° K. It was found that the corrections could be 
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rtegleoted without serious error for IIf(srd Astra HI plates, wMeh were used 
throughout except for a few oases when a plate of extended red smudtivitjr 
was required. Astra III plates showed slightly lowered sensitivity near 
4900 and < 4000 A, evident in figure 8, but otherwise nearly even response 
between 6400 and 4000 A. 

3. Shape of emission bands 

The sulphide materials mostly gave single emission bands, and none of 
the spectra examined in the present work showed evidence of fine structure 
such as Tanaka (1924), in particular, has recorded for willemite and various 
sulphides. The microphotometer traces had the usual small irregularities 
(figure 1, plate 11) which might conceal some fine detail. Accordingly a 
ZnS.Cu screen was photographed on a process plate in the blue-green 
region, the spectrograph slit being equivalent to less than 1 A wide, and the 
microphotometer trace made with as narrow a slit as possible and a linear 
magnification of 17. This gave a dispersion of about 1-5 A per mm. at 
4000 A and 3 A per mm. at 4800 A, but no sign of bands at 30-60 A 
separations as described by Tanaka. The trace is reproduced in figure 2, 
plate 11. 

Schellenberg (1932) found that the emission bands of alkaline earth 
oxides and sulphides excited by ultra-violet radiation could be expressed 
as the sum of several Gauss error curves / = /q exp {- a(y — Pj)*}, where /q 
is the maximum intensity at frequency I the intensity at frequency v 
and a is constant. Kutzner (1937) did the same for the bands of ZnS in 
contact with polonium sources. The equation agrees well with all the single 
emission curves obtained in the present work except, of course, at the foot 
of the curves. Figure 3 shows some examples of single bands with the diver¬ 
gences expected from neglect of plate sensitivity variations and of the tail 
of the characteristic. The exact peaks were found either directly from the 
curves or, in the case of irregularity, by plotting the mid-points of the 
band at various intensities up to the maximum, whence the most probable 
median could easily be discovered (CaW04, figure 4), 

For the analysis of complex bands, asZnS. Cu (figure 3) and the tungstates 
(figure 4), reasonable accuracy was obtained by assuming a band sym¬ 
metrical about the main peak, which was subtracted graphically from the 
complex to give the size and position of the subsidiary bands. Corrections 
may be applied to the foot of the band complex for the non-linear part of 
the plate oharaoteristic, especially when overlapping bands of widdy 
different intensities are ooncemed, but the method is not very satufactcHry 
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Figuhe 2. ZnS.CHu large scale microphotometer trace to show absence of fine structure. 
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at low densities. The symmetrical bantd subtracted from the whole oomj^x 
may also be corrected to the Gauss distribution, but a fundamental 
difficulty which limits the possibilities of the method is the uncertainty as 
to the true form of any single emission band. The Gauss equation certainly 
fits most of the curve in the cases examined, but the foot of a band cannot 
extend indednitely in both directions as the equation requires. The emission 
must be cut off at some limiting frequency on the long-wave-length side. 



• observed points; ® calculated points from Gauss equation: 

/o ox 10’ cm.* I'j cm.“* 
ZnS.Mn 1106 16-4 17,140 

ZnS.Cu 11-26 2-68 19,100 

ZnS 16-7 1-47 21,860 

Fiucns 3. Emission bands. 

and though a wider distribution may occur on the short-wave-length side, 
this must also be finite. The Gauss equation may be merely a convenient 
approximation to the bands. It has not yet been possible to compare the 
results of the present method with those given by direct spectrophotometry 
of the same materials, though curves published by others suggest that the 
latter method shows a similar distribution in emission bands. 
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Band widths, measured at half the peak intensity, were much more 
variable than could be accounted for by varying exposure, and it is possible 
that minute traces of impurity affect this property. Confirmation was 
obtained for ZnS. Ag containing'! part of nickel in 10 ®, which had the band 
symmetrically broadened by about 30 % without shift of position (op. 
Randall 1939 a). The ZnS band shown in figure 3 is exceptionally wide, 
possibly for a similar reason. Usually for sulphides the value of a in the Gauss 
equation is between 3 and 5 x 10"“’ cm.^, with the correction for y included. 
Manganese bands are narrower, a — 10 to 15 x 10 ’ cm.^, while the main 
tungstate bands are wider, a = 1 x 10 ’ cm.*. 



4. PoSITIOK OF EMISSION BANDS 

Table 1 summarizes most of the results. 

A. ZnS. Pure precipitated zinc sulphide heated with a chloride flux in an 
inert atmosphere for 15 min. or longer at OGO-IOGO"^ C, develops a blue 
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fluorescence recently attributed to the presence of free zinc atoms, just as 
the characteristic fluorescence of ZnS. Ag and ZnS.Cu has been attributed 
to the presence of free Ag and Cu atoms respectively. 

Table 1 contains the collected results for numerous independent deter¬ 
minations on a variety of preparations of ZnS, first, without perceptible 
amounts of foreign metals, secondly, with added copper sufficient to cause 
the partial replacement of the blue band by a green one (see § 4 C below); 
and the mean of all available results for cathodo-excitation is shown, in¬ 
cluding those from materials with non-activating impurities, Cr and Pt. 


Tablk 1. Peak of bands 






Max. 

Mean 






varia¬ 

varia¬ 






tion 

tion 

Previous 


Activator 

No. 


from 

from 

values 


content 

of 

Moan 

mean, 

mean. 

publishefl 

Material 

/o 

values 

ein.“‘ 

cin. 


cm.“^ 

Zri8(no Cu) 

Nil 

23 

21,800 

160 

67 

21,140-22,900 

ZnS(cont. Cu) 

(Ou) 

14 

22,060 

160 

76 


ZnS (all) 


42 

21,900 

300 

120 


ZnS.Ag 

0-006-0-03 

10 

22,350 

130 

70 

21,700-23,260 

ZnS.Cu 

0006-0-06 

9 

19,210 

110 

40 

18,700-19.400 

ZnS.Cu (no Cl) 


3 

18,710 

10 

10 


ZnS.Au 

0026-0-06 

6 

21,680 

120 

60 


ZnS.Pb 

0026-0-] 

4 

21,440 

60 

35 

21,400 

ZnS.Mn 

0033-0-4 

6 

17,160 

60 

26 

17,090-17,330 


It is noticeable that a slight shift of the peak occurs when Cu is added. 
This is not due to the graphical method of analysis, which was used in 
eight out of fourteen cases, the others having insufficient Cu to cause 
serious suppression of the blue band but giving similar values. The accuracy 
of the determinations was tested by independent repetitions on a number 
of materials, ZnS, ZnS.Ag, and ZnS.Cu. Most of these agreed with 
previous values within 60 om.“^, or 10 A at 4600 A; many agreed to within 
6 A. 

B. ZnS.Ag. In the preparation of these materials the procedure W6W as 
for ZnS, with addition of AgNOj either before or after precipitation, but 
before the final heating. 

The shift of the peak of about 100 A from ZnS to ZnS.Ag occurs gradu¬ 
ally as Ag is added in very small amounts. Though accurate analysis of the 
bands is difficult in this case, it is probable that the band at an intermedi¬ 
ate position is single, not the sum of two separate bands due to ZnS and 
ZnS.Ag respectively, for it retains its normal sjnnmetry. Table 2 shows 
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two independent series of results. ZnS without added activator is con¬ 
sidered to be activated by free Zn (Seitz 1939 ), and the band shift described 
presumably depends on the relative proportions of Zn and Ag activators. 
Another case of a different type is recorded in table 2 . This is the small 
shift of the ZnS. Ag band caused by adding traces of Cu. 


Table 2 . Shift of ZnS.Ag peak 



Peak, series 1 

Peak, series 2 

Peak in 
ZnS. Ag. Cu 

% Ag on ZnS 


em."^ 

cm.**' 

0 

21,700 

21,790 


00006 

21,960 

21,860 


0001 

21,960 

(22,300?) 


0002 

22,170 

22,1(K) 


0*006 


22,300 


0*02 

— 

22,400 


0*013, Cu 0*0003 

...... 

.— 

22,480 

0*013, Cu 0*0007 

— 

— 

22,370 

0*013, Cu 0 0036 


— 

22,200 


C. ZnS .Cu. Gradual addition of copper jHoduces a green band increas¬ 
ing at the expense of the blue ZnS band. Apart from the slight shift 
appearing in table 1 , the blue band then remains unaltered in position 
within the limits of ex{)erimental error, over a wide range of Cu contents. 
The Cu band also is fixed in the same range, 0’005->-0*05 % Cu/ZnS. In the 
absence of chloride flux in the preparation, materials of yellowish colour 
and yellow-green fluorescence are produced, and these have the green 
band at a lower frequency, 18710 instead of 19,210 cm.”^. 

The ratio of intensities of green to blue band varies with the method of 
preparation. Activation at 1260° C yields a phosphor of blue luminescence 
by preponderance of the same blue ZnS band, as shown in the micro¬ 
photometer trace, figure 1 . (Compare Seitz ( 1938 ), who has considered 
different possible states of Cu in ZnS.) 

For samples prepared similarly and^activated at 900° C the ratio of the 
two bands varies as shown in figure 5. The values are approximate only, 
owing to the neglect of the tail of the plate characteristic in the calcula¬ 
tions, and lack of knowledge of the true form of the bands at their outer 
edges, but the general shape of the curve is correct, with a maximum near 
0'016 % Cu. The well-known ZnS.Cu.Mg preparation of Buchler and Co. 
gives the main -peak at 19,180 cm.-^, Cu by analysis 0*{)12 %, ratio of 
green to blue about 12 . 

Accurate determination of the position of the green band is impossible at 
very low copper contents, especially as the true shape of the foot of the 



Band spectra of ccUhododuminescehce 331 

bands is unknown. Figure 6 suggests a change of position as Cu decreases 
to very low values. The points for the lowest amounts of Cu were obtained 
from analysis of the bands in ZnS. Ag. Cu in which they are rather more 
favourably spaced than in ZnS.Cu, but the shift of the Ag band itself in 
ZnS.Ag.Cu (table 2 ) reduces the value of the data derived for the Cu 
band in this material. This possible shift of the Cu band is of some theo¬ 
retical importance, and the problem needs investigation by a more accurate 
method. In Zn 8 .CdS.Cu the Cu band shows no appreciable shift in the 
range studied (§ 4 G). 



percentage Cu in ZnS 

Fiouke 6, Variation witli Cu content of position of peak, and of 
ratio of green to blue band. 


D. ZnS. Au. Gold is not generally considered to be an activator, but the 
values of the band peak lie outside the normal variations of ZnS alone. It 
has been suggested by Riehl ( 1937 ) that only those metals can activate 
ZnS which have atomic diameters below a certain value. Since Ag is an 
activator, Au which has the same atomic diameter might be expected to 
behave similarly, 

E. ZnS.Pb. For the reason just mentioned Riehl considers that Pb 
cannot activate ZnS, A few determinations on ZnS containing lead show a 
definite shift to a lower frequency. The mean value 21,420 cm.*^ agrees 
with one taken from a diagram of Milner’s ( 1939 ), 21,400 cm,"^^, 

F. ZnS.Mn. The materials, activated at llOO^'C, show a yellow band 
not more than half as wide as those already described. The blue ZnS band 
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disappears completely, though Kroger ( 1939 a) has observed it in some 
preparations. The presence of Ag or Cu does not alter the Mn band, though 
lower frequencies (in cathodo-luminescence) are found in ZnS .Mn prepara¬ 
tions having pronounced ultra-violet luminescence (table 3). 

CaS with 0-02 % Mn shows a band of the same width and position, 
17,200 cm. ^ 

Table 3. Mn bands 

Peaks of bands cm. 

Bswo material approx, % Mn .- .. 


MgO.SBaOa 

0‘6 

16,800 

— 

16.980 

SZnO.BA 

0-33 

16.780 

16,760 


2CdO.B,0, 

0-3 

16,870 

16,760 


2CdO.BsO;, 

0-3 

16,900 

16,800 


3ZnO,PA 

0'2 

16,870 



>> 

0-5 

16.850 



»» 

10 

16,800 



20dO.PA 

01 

16,900 

16,800 


CdO.SiO, 

0*1 

16,730 

16,800 


4Be0.7Zn0.4Si02 

0*3~l-2 

— 

— 

17,010 (mean of 4) 

ZnS (aoe § 4 F) 

0-08--0-75 

„ 


17,060 (mean of 3) 


G. ZnS.CdS. This continuous series of solid solutions has been ex¬ 
tensively studied. The results of Guntz ( 1926 ), von Ardenne ( 1937 ), and 
Rothschild ( 1937 ) appear in figure 6 on a frequency basis instead of wave¬ 
length, as published. Rothschild’s data refer to ultra-violet excitation of 
ZnS.CdS containing 0-003 % Ag, and agree closely with a linear relation 
between frequency of the peak of the band and percentage composition by 
weight of the base material. The slope is a frequency decrease of 90-8 om.“^ 
per 1 % OdS. 

In the present work a series up to 90 % CdS, containing 0-03 % Ag, and 
prepared by heating mixtures of the dried component sulphides with 
chloride fiux and activator, as for ZnS, also gives a linear relation for the 
band developed by cathodo-excitation. The slope is - 89-4 cm.“^ per 1 % 
CdS. Similarly with Cu activator ( 0*01 %) the results, though lees regular, 
can be represented by a line of the same slope spaced at about 3300 om.~^ 
from the Ag line (figure 6 ). Gisolf’s data ( 1939 ) for the optical absorption 
edge in the ZnS.CdS series recalculated to the same units, again lie 
approximately on a straight line with a slope of — 92-6 cm.~* per 1 % CdS. 

The difference between the ZnS.CdS.Ag line for cathodo-luminescenoe 
and Rothschild’s for ultra-violet luminescence may be due to different 
content of activator, or more probably to different preparative methods. 
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It seems too great to be ascribed merely to difiference in excitation, but this 
point requires further experiment. 

Since the frequency difiference between the peaks of ZnS. Ag and ZnS is 
about 600 om."^, it would be expected that ZnS. CdS without activator 
would give a similar line at this separation from the Ag line. The material 
appears to be unusually sensitive to traces of impurity, and reproducible 
results are difficult to obtain, but the expected efifect appears in two series 
which are plotted in figure 6, though there is irregularity below 30 % CdS 
which may be related to a similar divergence of Gisolf ^s points from the 
straight line in this region. 



Fioukk 6. Peaks in ZnS.CdS series. 

Some tests on the efifect of copper added in very small amounts to 
ZnS.CdS containing 30 % CdS show the steady increase of a Cu band at 
the expense of the original band without significant changes in frequency of 
either: the former has an intensity of roughly 0*2 compared with the latter 
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when as little as 0*0004 % Cu is present (determined by analysis). The ratio 
increased to 0-35 at 0*0007 % Cu, 1*6 at 0*0014 %, > 12 at 0*0064 %, 

(Cp. figure 6 for Cu in ZnS.) 

The ZnS ,Mn band is only slightly shifted by addition of CdS. The mean 
of determinations on samples with 3 8 and 30 % CdS is about — 10 cmr"^ 
per 1 % CdS instead of about —OO cm.^^ for the Cu and Ag bands. 

With regard to band widths see Henderson ( 1939 ). 

H. Mn bands. Apart from the band near 17,160 cm.and largely 
independent of the base material (ZnS, CaS, ZnS.CdS), another band of 
nearly constant position has been found in various manganese-activated 
substances of the oxide type, as in table 3. The borates and Cd silicate 
were prepared from mixtures of oxides, the phr)sphates by precipitation 
from solution or by heating the metallic carbonate with animonium phos¬ 
phate, and the activations carried out at 800-lOW C. The |>eak at 
15,860 cm,“^ agrees with that found by Kutzner ( 1937 ) in ZnS, and by 
Randall ( 19396 ), 

As table 3 shows, a band near 17,000 cm.~^ is produced in some man¬ 
ganese-activated materials. The zinc beryllium silicate preparations, 
activated at 1200 ® C (Henderson 1938 ), give this band by analysis of their 
emission s]>ectra. The well-marked agreement on a band at 16,800 cm. is 
another example (see § 7 (Discussion)). 

I. Tungstates, At the other extreme from the case of an activator (Mn) 
producing its own bands independently of the base materials is that of a 
base material giving bands which are independent of activators. This 
appears to occur for the tungstates, made as far as possible free from any 
foreign constituent by precipitation by a pure soluble tungstate, thorough 
washing and ignition at about 1000 ® C. Figure 4 shows the bands for ZnW 04 
and CdWO^ and their resolution without correction of the curves into a 
group of three at.21,700, 19,560 and 18,100 cm. ^ varying in their relative 
intensities in the two materials but almost fixed in position. There are 
indications of other component bands which cannot be accurately separ¬ 
ated by the present method. CaW 04 also has the second of these three 
bands according to the graphical analysis. Probably the WO4 ion is 
responsible for the emission in ZnW 04 and CdW 04 , and it is noteworthy 
that these bands are particularly wide, whereas all the Mn bands described 
above are narrow. 


6. Effect of tempkeature 

Small sealed-off cathode-ray tubes of which the screen end could be 
immersed in liquid oxygen were used. The bands of ZnS, ZnS, Ag, ZnS .Ou 
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and ZnS.Mn are narrowed symmetrically by roughly 25 % with small 
changes of peak frequency on cooling from 300 to 90° as follows: 

ZnS, 21,920-21,900; 22,130-22,050 cm/ ‘ on cooling (two samples). 
ZnS.Ag, 22 , 200 - 22 , 020 ; 22,400-22,300. 

ZnS.Cu, 19,500-19,700; 19,500-19,900; 19,100-19,180. 

ZnS.Mn, 17,210-17,160. 

The result for ZnS. Mn is somewhat doubtful on account of an absorption 
band in liquid oxygen near 17,300 cm. Of the ZnS.Cu results the first 
two are derived by graphical analysis of the bands of ZnS containing very 
little Cu; the third is for ZnS. Mn. Cu in which the two bands are distinct. 
For ZnS.Cu with a predominant Cu band near 19,200 cm.no reliable 
figures are available, as the band becomes unsymmetrical at 90° K on 
account of a component band close to the main one: this may be the band 
near 18,700 cm. ^ described in § 4 C. However, in this case also, the 
indication is of a shift to increased frequency of the main peak on cooling. 

The well-known freezing-in effect on the phosphorescent green band 
appears in the ratio of green to blue bands in ZnS. Cu, or green to yellow in 
ZnS.Mn. In the three cases quoted above the ratio decreased on cooling 
from 0*33 to 0*26, 024 to 0‘21 (ZnS.Cu), and 0*72 to 0*15 (ZnS.Mn.Cu). 

0. Ultra-violet excitation 

Comparison of the emission bands under excitation by cathode rays and 
ultra-violet radiation respectively, using for the latter a low-pressure 
mercury arc in quartz with a Wood’s glass filter, reveals shifts of the peaks, 
mostly of the order observed by Ewles ( 1938 ) for resolved band spectra. 
The data in table 4 show that only ZnS.Ag gives a frequency increase 
under ultra-violet radiation. Repeated experiments have confirmed this 
rather remarkable result. 

Table 4. Cathode-ray and ultra-violet excitation 



Peak for C.R. 

Peak for U.V. 

C.Ii.-U. 

Material 

cm.'* 

cm.~^ 


ZnS 

21,790 

21,700 

90 


21,810 

21,060 

100 

ZnS.Ag 

22,400 

22,460 

- 50 

22,220 

22,360 

-130 


22,200 

22,300 

- 40 

ZnS.Cu 

19,230 

19,160 

80 


19,220 

19,060 

170 

ZnS.Mn 

17,070 

17,020 

60 


17,030 

10,080 

50 


23-4 
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No marked changes of band width or symmetry accompany the fre¬ 
quency changes, though different bands may be excited to different in¬ 
tensities. Thus the green: blue ratio in one sample increased from 3 -1 to 
33*3 with the change to ultra-violet excitation, a similar effect to that 
produced by temperature rise from 90 to 300° K. This correlation may be 
used to summarize a number of results: rise of temperature under cathode 
rays, or change to ultra violet excitation, both produce in ZnS.Cu an 
increase of green to blue ratio and a decrease of peak frequency. In 
ZnS.Ag both changes produce an increase of peak frequency. 

7. Discussion of results 

The work has shown that the Gauss error curve closely represents the 
main part of the component bands of phosphors excited by cathode rays. 
The question of the limits of the bands, and their shape near the edges, 
needs further consideration, both theoretical and practical. The width of 
the bands increases as the activator becomes less important relatively to 
the base material in the order Mn phosphors < sulphides with Zn, Cu, 
Ag < tungstates. No evidence of a structure of small partial bands or 
diffuse lines has appeared in the sulphides even at 90° K, but each band 
resembles one enormously broadened line. Since the shift on cooling is 
small, the fundamental transition of any band is probably not far distant 
from the peak determined at room temperature. 

The positions of the peaks are quite closely defined for any activator, 
though small changes occur in the presence of additional activators. There 
is also some evidence that baking of screens in vacuum, or the initial stages 
of electron bombardment, may cause similar small variations in the band 
position, but these changes are insufficient to affect any attempted identi¬ 
fications of bands with known electronic transitions. Such identifications 
cannot be exact because the properties of the atoms are modified when 
crystal formation occurs, as in the materials in question, and the identifica¬ 
tions cannot be conclusive unless fairly sharp line spectra are obtained. 
Besides, the fact that transitions are normally forbidden does not preclude 
their occurrence in crystals. 

Seitz ( 1938 ) has shown the difficulty of constructing an energy diagram 
for ZnS.Cu. A simpler case, that of Mn activator, has been considered by 
Kroger ( 1939 a) and Randall ( 19396 ). The band at 16,850 cm."'^ (§ 4 H) may 
be ascribed to the ®G“^F transition of Mn ni at about 16,926 cm."^, as 
Randall has shown for various phosphors and the manganese halides. The 
bands near 17,150, 17,000 and 16,800 cm.“^ may be due to some other 
transition common to all but modified by the base materials, and it seems 
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possible that the unionized Mn atom is concerned. It is known that MnS 
forms solid solutions in ZnS (Kroger 19396 ). ZnS behaves mainly as a 
non-ionic lattice into which Mn atoms could be built with less disturbance 
than ions, and the transitions of Mn i rather than Mn ni might be 

expected, A group of lines in the region concerned arises from the normally 
forbidden transitions 

at 16,987-17,419 cm,-^ 

According to Kroger ( 1939 a) the red band near 15,900 cm.^"^ appears 
with a high proportion of MnS in ZnS, which may be a consequence of a 
change over to an ionic MnS lattice giving the *G-^F transition of Mn iii. 

In the case of ZnS without added activator the intercombinations of 
Zn 1 ,4«4p ^P®-4^5d®D provide lines at 21,836, 21,838 cm.'^^, agreeing closely 
with the peak of the band. Since zinc is the only metal present such an 
identification is more likely to have some significance than for ZnS acti¬ 
vated with Ag and Cu, where transitions of the foreign metal itself seem to 
agree with the band peak. Thus for Agi there is 4d^^5p®P®-4#®7^®S at 
22,335 cm.and Cu i has the prominent arc lines at 19,157, 19,164, 
19,406 and 19,586 cm.”^. But the base material must be considered, as 
shown by its important effect in the ZnS.CdS series. 

In the ZnS.CdS series there is marked similarity between the effects of 
composition on peak frequency with different activators, and on absorption 
edge frequency in Gisolf's work. This is most directly explained by transi¬ 
tions between (a) a fixed level or band due to the acjtivator, and (6) a level 
or band due to the absorption edge of the base material. The linear change 
of (6) with percentage weight of CdS is a striking feature of the series. 

There is other evidence in this work of a qualitative character showing 
the dependence of emission on optical absorption bands in the base material. 
ZnS.Cu made without chloride flux, and ZnS containing Pb both give 
yellow-coloured powders in which the normal ultra-violet absorption bands 
have moved into the blue end of the visible spectrum; both give emission 
bands shifted towards lower frequencies as in the addition of CdS to ZnS. 
From this point of view Pb is not a true activator metal, but merely a 
colouring matter. 

Among the small frequency changes on cooling or substitution of ultra¬ 
violet excitation for cathode rays, those most worth further attention are 
the anomalous cases. The increase of frequency on cooling ZnS.Cu re¬ 
sembles examples among the alkaline earth sulphides and alkali halides 
quoted by Curie ( 1934 ). The change to ultra-violet radiation produces the 
still more obscure increase of frequency in ZnS.Ag, but these cases may 
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eventually prove significant when the mechanism of crystal fluorescence is 
better understood. 

These experiments have been carried out in the Research Laboratories 
of Electric and Musical Industries, Ltd., Hayes, and the author wishes 
to express his thanks to Mr I. Shoenberg, Mr G. E. Condliffe and the 
staff of the Laboratories for their encouragement and assistance in the 
investigation. 

SUMMAEY 

A photographic method is used to examine the emission bands of various 
fluorescent materials excited by cathode rays. Single bands given by zinc 
or zinc-cadmium sulphides agree closely with the Gauss error curve, except 
at the outer edges where limits to the emission must occur. Approximate 
graphical analysis gives adequate resolution for more complex bands. 
Each activator metal produces a band in some characteristic position 
which varies only slightly with varying preparative methods and activator 
contents, except when the activator is reduced to very small amounts. 
The effects of lowering the temperature, and of changing to ultra-violet 
excitation are described. 

A simple relation is demonstrated between band position and composi¬ 
tion in the ZnS.CdS series, and the electronic transitions responsible are 
briefly considered in this case, and also for some manganese-activated 
materials. 
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The infra-red absorption spectrum of 
methylamine vapour 

By C. R. Bailey, S. C. Caeson and E. F. Daly 

The Sir WiUiam Jtamsay and Ralph Forster Laboratories, 
University College, London 

{Communicated by C, K, Ingold, F,R.8—Received 10 July 1939) 

The electronic configuration of a single bond is usually such as to permit 
free rotation about the direction of the bond. Experimental evidence from 
s})ecific heats and dipole moments shows generally that at ordinary tem¬ 
peratures the expected free rotation does not occur. There are two explana¬ 
tions available. In the cose of molecules such as hydrazine and hydrogen 
peroxide the rotation is completely restricted and the corresponding degree 
of rotational freedom is replaced by a vibrational mode; the interaction of 
the electronic clouds of the two bonded atoms produces a lack of axial 
charge symmetry about the bond and largely confers the rigidity of a double 
bond upon the structure (Penney and Sutherland 1934 ). This effect would 
not be dependent on temperature. 

In the second explanation the inhibition is due to interaction between 
extreme atoms, as in the case of ethane (Eucken and Schaefer 1939 ; Pitzer 
1937 ). A torsional vibration results which may become more nearly free 
rotation as the rotational quantum numbers increase, or again with rise in 
temperature. 

Methylamine is a molecule in which a simple theory would indicate free 
rotation about the C—N link. The fine structui'e of an infra-red band or 
the contour of its envelope should provide information about the rotational 
conditions of such a molecule (Nielsen 1931 ). We have therefore examined 
the infira-red absorption spectrum of the gas and find that the band 
envelopes are largely those of an approximately symmetrical rotator with 
almost completely inhibited internal rotation. 

Expeeimental 

The range of the Hilger D42 spectrometer has been extended by the 
addition of a potassium bromide prism. This was first calibrated by means 
of the refractive indices of KBr found by Gundelaoh ( 1930 ) for various 
wave-lengths, but an attempt to use the long wave band of CS^ as a bench 
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mark in this region showed that the calibration was wrot^ by some 
26 cm.“^. The later values of Korth ( 1933 ) for the dispersion placed the 
band in its correct position as determined with a grating (Dennison and 
Wright 1931 ). 

A Kahlbaum preparation of CHjjNHj was used but the lO/t band of 
ammonia was recognized by its double Q branch in the preliminary survey 
of the spectrum. The vapour was purified by several distillations over 
freshly prepared mercuric oxide (Francois 1907 ; Aston, 8 ilber and Messerly 
1937 ), and all traces of ammonia appeared to have been successfully 
removed. 


Results 

The general appearance of the spectrum is indicated in figure 1 : the wave- 
lengtlis and frequencies are given in table 1 , and the contours of the more 
important bands in figure 2 . More detailed descriptions of these will be found 
in the discussion of the assignments. Temperature and setting corrections 
have been applied where necessary. 



80 

60 

40 

20 

0 


The only previously available infra-red measurements have been made 
in the very short wave region by Thompson and Skinner ( 1938 ) and by 
Freymann ( 1936 ) who found two bands at 9700 and 10060 omr^. There 
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Ficktuk 1. Tho infra-red a|>eotrvim of CHaNHj. 

-at pressure 20 cm. mercury, 

.... at pressure 2 cm. mercury. 
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have been several examinations of the Raman spectrum, notably those of 
Kohlrausch (1936) and Venkateswaran and Bhagavantam (1930). 


Tabub 1 



Maxima 

Absorp¬ 


Slit 





tion 

Pressure 

width 


Band 

(/i) 


(%) 

(cm,) 

(om.“^) 

Prism 

I 

1-513 

6610 

66 

62*0 

30 

Quartz 

II 

1-718 

5822 

30 

62-0 

20 


III 

1-969 

6077 

45 

62-3 

14 



1-984 

6041 

50 




IV 

2*108 

4746 






2-116 

4727 

30 

51-5 

11 

rt 


2-127 

4703 





V 

2-291 

4365 

35 

20-0 

9 


VI 

2-368 

4223 

35 

20-0 

9 

♦ » 

VII 

2-634 

3946 

35 

53-0 

9 

»» 

vm 

2-737 

3654 

26 

61-0 

9 

»* 

IX 

2-970 

3367 

40 

20-0 

20 

Fluorite 

X 

3-131 

3194 

20 

53-0 

7 

Quartz 

XI 

3-391 

2949 






3-446 

2903 

65 

0-4 

7 



3-519 

2842 





XII 

3-874 

2682 

20 

15-0 

16 

Fluorite 

XIJI 

4-307 

2323 

10 

49-5 

11 


XIV 

4-506 

2220 

10 

49-6 

10 

»» 

XV 

4-827 

2072 

20 

16-0 

8 

•» 

XVI 

6-490 

1822 

66 

15-0 

7 

»♦ 

XVII 

6-084 

1644 






6-176 

1619 

60 

2-0 

6 



6-244 

1602 





XVIll 

6-887 

1462 

60 

2-0 

4 

»» 


7-093 

1409 





XIX 

7-86 

1274 

10 

15-0 

3 


XX 

8-736 

1146 

30 

3-0 

10 

Rocksalt 

XXI 

9-42 

1062 






9-61 

1041 

35 

3-0 

7 



9-80 

1020 





XXII 

12-64 

797 






12-84 

779 

70 

0*9 

3 



13-16 

761 





XXIII 

21-55 

464 

6 

14-0 

6 

Potassium 


broinido 


Assignments 

It is best to accept a reasonable model and to see how well the observed 
spectra will fit. Methylamine is probably not unlike an ethyl radical. 
The ammonia bond angles of 106 ° 6' (Migeotte and Barker 1936) have 
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been shown by electron diffraction measorements (Brookway and Jenkiiis 
1936) to be maintained in trimethylamine. It is thus a question of whether 
the configurations (a) or (6) of figure 3 hold, or whether there is free rotation 
about the C—N axis. The general appearance of the bands leads one to 



suspect that free rotation is almost entirely inhibited and that either (a) 
or (h) must be accepted. The recent calculations of Eucken and Sohftfer 
(1939) show that (a), the Dj* model, is more likely for ethane. A rough 
estimate of the hydrogen interactions in the same manner as in Eucken’s 
paper shows the same conditions to obtain in methylamine. 

The departure of such a model from a symmetrical top is not very great, 
and as a first assumption we may take it that we shall have two parallel 
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and two perpendicular (doubly degenerate) frequencies largely associated 
with the CH8 grouping; and three frequencies with the NH 2 grouping (all 
three being approximately perpendicular in this model). The remaining 
vibrational modes are obtained by considering translations and rotations 
of the CHj and NHj groups relative to one another, and subtracting the 
translations and rotations of the molecule as a whole. Six vibrations are 
thus obtained; a parallel (>—N stretching vibration, two doubly degenerate 
perpendicular modes similar to those of acetylene, and a perpendicular 
torsional vibration which takes the place of free rotation about the C—N 



FuniRK 3 


axis. This is inactive in ethane but should appear in methylamine. Because 
of the asymmetry of the model we would exi)ect that the degeneracy of 
the perpendicular modes would be, at least in part, removed and that the 
bands individually would be of neither the true parallel nor true perpen¬ 
dicular type. The simplified modes corresponding to the original t 3 rpe 8 will 
be found in figure 4. The motions, wherever possible, have been regarded as 
confined almost entirely to one or other of the groups, and the nomenclature 
adopted is also a compromise. Inspection of table 2 will show, however, 
that this somewhat crude picture gives a close representation of the 
spectrum. 

We may note that if methylamine is regarded as a derivative of ammonia, 
the separation between the first vibrational levels in the parallel bands, due 
to the two minima in the energy expression, will vanish for two reasons: 
(i) because the magnitude of the effect diminishes rapidly with increase in 
mass of the end atoms, and (ii) because we may expect steric hindrance 
from the methyl group. We therefore proceed to allocate the observed bands 
working partly by analogy with the known spectra of the mono-derivatives 
of methane. 

(1) The CH, stretching frequencies. 

We use the abbreviations s » strong, m = medium, w « weak, P « polar¬ 
ized and D «= depolarized. The only polarization values for the Raman 
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spectrum are for aqueous solution and were determined by Cabannes and 
Rousset (1933). 

(a) The strong Raman line given by Cabannes and Rousset as 2901 cm,"^ 
(«, P), by Kohlrausch (1936) as 2876 cm.~^ and by Venkateswaran and 
Bhagavantam (1930) as 2870 om.~* corresjwnds to some part of the region 
given here as band XI, Treating methylamine as a symmetrical rotator 
with the interatomic distances C—N 1'47 A, N—H 1*02 A and C—H 



>'jK1)ch(2) I', <1'(±.«)(2) 



I’d J.)oh(2) *'7 •'ll rCxloN 

FituniE 4. Vibration forms for mothylamino. 


1*11 A (Brockway and Jenkins 1936), we obtain the moments of inertia 
A = B = 38 X 10 g. cm.® and C = 8*4 x 10 “*® g. cm.® The separation of the 
jP and jR branches for the parallel bands of such a rotator, given by Gerhard 
and Dennison’s formula (1933), is Ap S(jS)[(kT/A)*/n] where k and T 
have their usual meaning and S(/f) is defined by logio 5 (y?) = 0 ’ 721 /(/?+ 4 )®‘“, 
/? being A/C—1. We find dv to be 41’3 cm."® at 26 ° C. The separation 
between the extreme peaks of band XI (figure 2) is of the order of 107 cm."® 
and the band is therefore complex. We take the peak at 2903 cm."® as the 
centre of >'(|!)cn or J'(||)ch ^ double in the methyl halides (Adel and 
Barker 1934) as the result of accidental degeneracy between this mode and 
the first harmonic of J(-L)cin- 1®® methylamine we have assumed that a 
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resonance effect occurs between 2tf(||)oij and KI1 )oh> leading to the assign¬ 
ment of frequencies 2903 cm.’^ as KIDoh and 2842 cm.~^ as 2<J(||)pjj. The 
Raman spectrum gives 2903 cm.-' (s, P) and 2810 cm.”' (to). The separation 
between the infra-red peaks of 61 cm.~' compares well with 87 cm.~' for 
CH,a, 111 cm.-' for CHgBr and 116 cm.-' for CHgl. 


Table 2 


Band 

Infra-red 

I 

6610 w; 

II 

6822 w 

in 

6077 w 


5041 

IV 

4746 


4727 w 


4703 

V 

4366 m 

VI 

4223 m 

VII 

3946 w 

VTII 

3664 w 

IX 

3367 « 

X 

3194 w 

XI 

2949 


2903® 


2842 

XII 

2582 m 

XIII 

2323 w 

XIV 

2220 w 

XV 

2072 m 

XVI 

1822 « 

XVII 

1644 


1619 « 


1602 

XVIII 

1462 # 


1409 

XIX 

1274 m 

XX 

1145 « 

XXI 

1062 


1041 s 


1020 

XXII 

797 


779 « 


761 

XXIII 

464 w 


(233) 


Raman 

a*-. 

2i', 

>'. + >'« 


»'i + »'« + »'io 
+ 

•'. + ''10 

+ 

3372 a Vf 

3316 a. P i/j 

J's-H'u 

2948 a, D v, 

2876 a, P p, 

2810 W 2 Va 

»'7 + »'4 

2i', 

1466« 

1429 w 

1109 (?) V, 

1039 P j'g 


2 v„ 

•'ll 


AHsignment 

2*3315 = 6630 
2*2903 = 6806 
3372+ 1619 = 4991 


2903+1041 + 779 = 4723 

3316+1041 =4356 
3372 + 779 = 4161 
2903+1041 =3944 
2903+779 = 3682 
‘'(-L.“)nh (-too-) 

»^1.*)mh (-l-too-) 

2949-(-233 = 3l82 
H±)(m (± too-) 

KIDoh (-f to 0 -) 
2-]429=: 2858 
1146-)-1452 = 2697 
2x 1146 = 2290 
1462+779 = 2231 
2 X 1041 = 2082 
1041 + 779= 1820 

<S'(1,«) (±too-) 

<l(J.)oH (±tOO-) 

<1(II)0H (-l-tOO-) 

1041 + 233+ 1274 
<l(J.)l»H (-+- too-) 

'’(IDcn (+too-) 


S'{ ±. C) (± to 0 -) 

2 X 233 = 460 
’•(Don (-too-) 


The referenoes to Placssok’s notation for vibrations syinmetrioal or antisymmetrical 
<to «r, the plane of synunetry shown in figure 4, are not strictly valid for the methyl- 
amine model, but serve to describe the vibrations. 
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(6) We have taken the high frequency peak (2949 cm.“^) of band XI as 
being the perpendicular vibration In the Raman spectrum this 

frequency is found at 2948 (s, /)). 

(2) The. NHg stretching frequencies. 

The Raman liquid data are 3372 cm. '^ ( 5 ) and 3315 cm,“^ P). The 

strong quartz absorption band at 2*96/4 made the use of this prism un¬ 
favourable and we record the fluorite values. We take r(l, or Vg as 
3315 cm.“^ to correspond with the Raman value and assume that the 
infra-red absorption is weak, but that the considerable range covered by 
band IX includes this mode. The strong I—R |)eak at 3367 cra.~ ^ we accept 
as or v^. 

(3) The CH^ bending frequericies, 

{a) In the methyl halides or remains fairly constant from 

CHaF to CHgl at about 1440 cm.“b In methylamine the Raman line is at 
1466 cm.“^ (^) and we take 1452 cm.”^ band XVIII (figure 2), as this mode. 

(b) The assignment of 5 (||)oh ^^t very satisfactory. The band should 

be parallel, and in the methyl halides varies with the mass of the halogen 
from 1241 cm.“^ in CH3I to 1476 cm.“^ in CHgF. In CH3OH Borden and 
Barker (1938) place the corresponding vibration very close to 5{1 )c!h a-t 
1477 cm,’ ^. The maximum observed at 1409 cm. ^ may be the low fre¬ 
quency peak of this parallel band, and on this assumption the head would 
be at c. 1430 cm.“^ masked by the strong band <J( i)cH' Kohlrausch gives 
a weak Raman line at 1429 cm.~^. As already indicated, we have assumed 
resonance between the first harmonic of this band and j^(1|)ch* 

(4) 7'he NHa bending frequency. 

most likely to be band XX (figure 2) at 1145 since this 
is strong in the infra-red and very weak in the Ramon spectrum at 1109 
cm.”^. It has the required peq^endicular contour for a rotator with JS = 3*5. 
The Raman line is characteristic of the primary amines. 

(5a) The parallel interaction frequency. 

The strong band XXI (figure 2 ) at 1041 cm. gives as approximately 
4*95 X 10 ® dynes/cm. when the molecule is treated as diatomic. This is 
rather high for the observed C—N distance of 1*47 A, since the Badger 
relationship gives 3*78 x 10 ® dynes/cm. The band is common to all the 
primary amines and is similar in appearance to the corresponding bands 
in CHaOH and CH 3 F. The separation between the P and R breuiches is 
42 cm.~b in close agreement with the calculated value. 
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( 66 ) The deformati&a frequencies. 

The other vibrations of CHg relative to NHg, apart from the torsional 
vibration, are analogous to the bending vibrations in acetylene and to the 
corresponding vibrations in ethane which were named ,s) and S\(r, a) 
by Karweil and Schafer ( 1938 ). In the latter molecule i, a) is observed 
as a Hpgle band at 827 cm.~^ while S'(A , a), not observed in either Raman or 
infra-red spectrum, is estimated from the thermodynamic functions of 
ethane as 1140 cm.~^. The analogy between ethane and methylamine 
suggests that a) may be band XXII (779 cm."') while the strong band 
XVII at 1619 cm.“', up to the present unassigned, we take as 1 , «). The 
high intensity of these bands is accounted for by the big change in electric 
moment due to the oscillation of the NHg radical. Both pairs should be 
weak in the Raman spectrum since there is little change in [)olarizability, 
and in fact neither band has yet been recorded in the scattered spectrum. 

The structure of the band at 779 cm.^^ is superficially parallel, but the 
separation between the f)eaks is only 36 cm. The appearance of the band 
may, however, be explained by the 8 U})erposition of two perpendicular 
bands arising from the removal of degeneracy in this mode. This conclusion 
is confirmed when we examine the gradient of the band on the long wave side 
and compare it with that calculated from the formula of Gerhard and 
Dennison ( 1933 ) for a parallel band: it is found that the observed gradient 
is much less steep than is required. We assume that a similar state of 
alBFairs holds for band XVII (1619 cm.~'). 

It is hardly necessary to discuss in detail the suggested assignments 
amongst the combination tones. They will be found in table 2 . 

(5c) The torsional vibration and the specific heat. 

All the simplified vibrational modes have now been accounted for with 
the exception of the torsional mode or In the case of methyl- 

amine this should be infra-red active, but the frequency is probably too low 
to be observed by us. It should appear in combination tones, and we find 
that bonds X, XIX and XXIII may be so interpreted on the basis of a 
frequency of 233 cm." Adding this frequency to the assignments already 
made, we calculate the specific heat, at C as 11*62 cal./g. mol., in 
good agreement with the experimental value of 11*72 cal./g. mol. found by 
Feleing and Jessen ( 1933 ). 

The rigidity of the molecule may now be taken as reasonably well 
established. It will be advisable to summarize the evidence on which this 
oonolusion is based: (i) the contours and peak separations of the infra-red 
bands ; (ii) the specific heat measurements, with the appearance of the low 
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frequency torsional vibration in combination tones; And (iii) the partial 
resolution of bands near 1*0 by Thompson and Skinner (1938), one of 
which appears to show Q branches separated by about 5 instead of 
by 10 cm.^^ as might be expected in the case of free rotation. 

The authors gratefully acknowledge the award of a Carnegie Fellowship 
to S. C. C., and of an 1851 Exhibition Science Scholarship to E. F. D. They 
also wish particularly to express their indebtedness to Professor C. K. 
Ingold, F.R.S., for his constant intt«*est and encouragement. 


Summary 

The infra-red absorption spectrum of methylamine vapour has been 
examined between 1 and 26-5// with a prism spectrometer. With the 
assistance of Raman spectra obtained by other workers fundamental modes 
and combination tones have been assigned. A model for the methylamine 
molecule analogous to the model for ethane has been shown to offer a 
reasonable explanation of the spectra. With the inclusion of an indirectly 
determined low torsional frequency in methylamine, the assignment is 
capable of yielding a satisfactory calculated value for the s[>ecific heat. 
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The adsorption of non-polar gases on alkali 
halide crystals 

By William J. C. Orr 
Laboratory of Colloid Science, Cambridge 

Communicated by E. K, Rideal^ RR.S, 


In recent years many important theoretical advances have been made in 
the application of quantum statistics to adsorption problems. Fowler (1935), 
adopting the Langmuir picture of a monomolecular adsorbed gas layer, 
derived from purely statistical considerations the equation 


6 {27rm.)HkT)^b,(T) 
i^d ^%{T) 


( 1 ) 


in which the undetermined constants of Langmuir’s original equation 
(1918) are given explicitly in terms of the partition functions, bg{T) and 
v^(T) belonging to atoms in the gas phase and in the adsorbed layer res- 
pectively and ^^bich is the difference in energy of an atom in the gas phase 
and in the lowest adsorption level on the surface. In subsequent develop¬ 
ments the change in the energy of adsorption as a function of 0 (the fraction 
of the surface covered) has been introduced in the above equation using (a) 
the Bragg and Williams approximations (Fowler 1936a) and (6) the Bethe 
method (Peierls 1936) to determine the configurational energy. Further 
applications and extensions of these methods to special adsorption problems 
have been carried through by Roberts (1937) and by Wang (1937), and 
Rushbrooke (1938) has examined the validity of the assumption, which is 
implicit in all this work, namely, that vJ^T) is independent of the configura¬ 
tion. In addition, an approach to the solution of the statistical configuration 
problem when molecules condense in two layers simultaneously has recently 
been made by Cernuschi (1938) and developed by Dube (1938). In order to 
evaluate correctly the summations vJ^T) occurring in equation (1), the 
Sohrodinger equation for an atom moving in the three-dimensional potential 
field of the substrate should be solved, but this has so far proved prohibit¬ 
ively difficult. In the past it has been customary, and for practical purposes 
it is possibly generally sufficient, to substitute classical partition functions 
for these summations. However, valuable studies of particular cases of the 
general quantum mechanical problem have been made by Lennard-Jones 
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and Straohan (1935) and Lennard-Jones and Devonshire (1936), who con¬ 
sider a one-dimensional case in which an isolated atom vibrates normal to 
the surface, the potential energy of the system being represented by a 
Morse curve, 

V = ~ (2) 

With this assumption the discrete vibrational levels are known provided the 
parameters D and /c can be otherwise determined. Considering that the 
effect of the thermal motion of the solid on V is small and may be treated by 
first order perturbation theory, they calculate further the probabilities of 
atoms making transitions from one discrete vibrational level to another or 
evaporating into or condensing from the gas phase by the emission or 
adsorption of quanta from the solid. In order to provide data to which these 
various theoretical developments would be directly applicable the present 
experiments on the adsorption of non-polar gases such as argon, oxygen and 
nitrogen on the alkali halide crystals, KCl and Csl were undertaken. The 
choice of non-polar spherically symmetrical gases avoided the complications 
which the presence of permanent dipoles would introduce, while the choice 
of alkali halide crystals was influenced by the following factors: (1) they were 
easily obtained analytically pure, (2) the lattice structures and such pro¬ 
perties of the individual ions as their ionic radii, optical polarisabilities and 
magnetic susceptibilities were well known, ( 3 ) KCl was an example of a 
simple cubic and Csl of a body centred cubic crystal so that the influence of 
the crystal type on adsorption behaviour could be examined. Further the 
previous experimental work on such crystals was very scarce. Duran (1928) 
had made some measurements on the adsorption of argon, oxygen and 
nitrogen at room temperatures on NaCl crystals but since the adsorption at 
these temperatures is extremely small, accurate isothenns could not be 
obtained and no heats of adsorption were calculated. Later, Tompkins 
(1936) measured the adsorption of oxygen, carbon monoxide, nitrogen and 
argon among other gases on NaOl at low pressures and liquid air tempera¬ 
tures but obtained improbably small values for the heats of adsorption. 
Some accurate experiments by Lenel (1933), however, gave heats of ad¬ 
sorption close to the order of magnitude expected for argon on KCl and 
other salts. The variation of the heat of adsorption with the amount adsorbed 
was however not examined. Single isothenns for argon on KCl which show a 
qualitative similarity with the present results have been described by 
Bradley (1936) and by Brunauer and Emmett (1937)* 
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ExPEBIMBKTAX RBSrrLTS 

The scarcity of accurate experimental data on the adsorption of non¬ 
polar gases on alkali halide crystals, a field with attractive theoretical 
possibilities, is no doubt to be explained by the difficulties of measuring the 
very small amounts of gas adsorbed on these crystals. In the present experi¬ 
ments the amounts adsorbed at liquid air temperatures varied from 0*20 to 
30 cu.mm./g. salt used (calculated for N.T.P.) in the pressure range 10“® to 
70cm., the dimensions of the crystals being on the average about 0-1 mm. 
cube edge. Glreater amounts could have been adsorbed by very fine grinding 
of the salt but this was considered undesirable as it would have greatly 
increased the amount of internal cracking of the crystallites and reduced the 
adsorption on the plane faces relative to that on corners and edges and in 
crystal cracks and defects. Liquid air temperatures offered the most con¬ 
venient temperature range for optimum adsorption with the gases argon ^ 
oxygen and nitrogen. In order to survey as wide a range of behaviour as 
possible isotherms were measured in the pressure range from 10"^ cm. up to 
the condensation pressure of the gas. Very low pressures were not investi¬ 
gated because the ordinary McLeod or Pirani gauge technique was not of 
sufficient sensitivity. In preliminary experiments isotherms were measured 
employing the usual technique of adsorption measurements at constant 
volume. Liquid air baths were used for the low temperatures and pressures 
were read on a mercury manometer using a cathetometer. However, since an 
error of 0*002 cm. in the pressure caused an error of approximately 10 % in 
the calculated amount adsorbed and since a change of temperature of 0*2'^ K 
gave rise to an error of the same magnitude it was necessary to devise an 
arrangement whereby the pressure difference due to the amount adsorbed 
could be read directly. A diagram of the apparatus finally employed is 
shown in figure 1. The two dosers, whose volumes were determined to 

0*001 C.C., could be filled between Tj and to the same pressure. The space 
was evacuated and mercury permitted to flow to fho gas in 
and Djg being then displaced by mercury into the reference bulb R and 
the salt bulb 8 respectively. The connecting lines T'^M were of capillary 
glass and the total volume of each, which was accurately determined, was 
only about 1*0 c.c. M was an oil (Apiezon B) manometer on which the differ¬ 
ence in pressure due to the gas adsorbed in 8 could be accurately determined 
to 0*005 cm. (i.e. 0*0004 cm. Hg) with a cathetometer. The pyrex bulbs R 
and 8 were adjusted to have approximately the same free space to within 
0*5 c.c. The volume of R was then determined to 0*001 c.c. by weighing with 
water at a definite temperature. A few calibration exj^eriments at room 
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temperature then gave the volume 8 to approximately the same accuracy. 
In order to determine the change in free volume of the salt in 8 due to con¬ 
traction, between room and liquid air temperatures, calibrations were 
carried out at liquid air temperatures using helium, for which the adsorption 
at 80° K is quite negligible. 



Figxtke 1 . Diagram of tho adsorption apparatus. 


The equilibrium pressure (p) and the number of molecules adsorbed (x) 
are given by the following formulae; 

Vs = (t^s-0-0115) + n?4+or(!r^_Tj. 


where the subscripts i{ and S refer to the reference and salt limbs respectively, 
bciJ'g the volumes of the bulbs at room temperature (T^) and Vj^ g the 
volumes of the capillaries ilf ; 1^ g are then the “effective ” volumes at the 

adsorption temperature {Ti). Dg s ^^re the volumes of the doser T^T^. 

ZP is the sum of the successive pressures admitted via Tj Jj to the bulbs. 




S is the pressure difference on Jlf in cm. of Hg at room tempera- 
Png 
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ture. The oil level in lirab a was kept adjusted at an arbitrary level so that 
was kept constant, thus the term 0-01 leJ, where S is the difference in oil 
levels, gives the decrease in % due to the oil column, 0*011 being the volume 
per unit length of the manometer capillary. 

<r is the average volume decrease per ^ K of the salt in the range between 
room temperature and liquid air temperatures. A linear term was adequate 
to express this correction in the range from 65 to 90 '^ K. 



Fiotok 2. Diagram of the low temperature thermostat regulator. 

In order to obtain automatic temperature control of a liquid air bath at 
any specified temperature in the range from 65 to 90 “ K, the design of vapour 
pressure thermometer shown in figure 2 was developed. The mercury of the 
manometer operated a relay (connected through the platinum contact at A ), 
which switched on and off the motor of a hyvac pump (pumping at JS), as 
contact was broken or made respectively. As designed the thermometer 
could be easily filled with oxygen or nitrogen through tap C, nitrogen being 
used for the temperature range 65 - 77 ° K and oxygen for 77 - 90 ° K. A glass 
float at J indicated the liquid level inside the bath. The thermometer could 
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be set to regulate at any desired temperature by adjusting the mercury 
level at D, the temperature being detennined from the vapour pressure 
(measured on the millimetre scale JE), by reference to the known data for 
these gases. For the present experiments the vapour pressure data of Oath 
{ 1918 ) were used for liquid oxygen and those of Giauque and Clayton ( 1933 ) 
for liquid nitrogen. In operation the temperature was controlled to within 
0 - 02 ° K and x^erfectly steady readings of the oil level at M (figure 1 ) were 
obtained. 


Series 1. Adsorption of argon, oxygen and nitrogen on KCl 

29*74 g. KCl which was heated for several days at 600° C was transferred 
to bulb 8 , figure 1 , in an atmosphere of dry air. It was then heated in vacuo 
for several days at 350° C and to a similar temperature between every 
experiment. 

Argon (95 % }>urity) was passed through a liquid air trap over a Cu-CuO 
mixture at 350° C through PaOg and finally fractionated at reduced pressure, 
the middle fraction only being stored. 

Oxygen was prepared from KMn 04 fractionated at liquid nitrogen 
temj>eratures. 

Nitrogen was purified in the same way as argon. 

Helium (80 % initial purity) was treated similarly to nitrogen except that 
before using it was twice desorbed at 80° K from charcoal. 

Isotherms were measmed at temperatures spaced approximately at 3 ° 
intervals between 69 and 87° K. A few representative logir-logp curves are 
given in figure 3. The general behaviour of the (p, x) isotherms in the initial 
stages is shown in figure 4, and near the condensation pressure range in 
figure 5. The adsorption was found to be perfectly reversible and isotherms 
could easily be reproduced to an accuracy of within 1 % in x. 

Series 2. Adsorj)tion of argon, oxygen and nitrogen on Csl 

The Csl (33*01 g. A.R. reagent) was heated in vacuo at 360° C for several 
days before commencing experiments and to a sunilar temperature between 
each experiment. 

The purification of gases was exactly the same as in series 1. 

Initially isotherms were measured, but since the total temperature range 
available, namely, 66^87° K, was rather narrow, a much more rapid and 
convenient way of obtaining a large number of values of the heats of ad¬ 
sorption, was to admit a given amount of gas to the bulbs B and >S and then 
to measure the amounts adsorbed at a series of closely spaced temperature 
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intervals. A few results showing the trend and the relative shape of the 
logz-logp curves derived from these experiments are given in figure 6. 

In all experiments adequate time was given for thermal equilibrium to be 
established between the sait and the low temperature bath. The salt was left 
in contact with the initial dose of gas for 2-3 hr. before readings were com¬ 
menced. For subsequent doses the pressure became steady within about 



FiauHB 5, Oxygen on KCl. Behaviour of the isotherms near the 
condensation pressure. 

16 min. and was observed to remain steady for periods up to 2 hr. No 
measurable diffusion process was detected in any experiment within periods 
of this duration. As a test that adequate time was given for thermal equilib¬ 
rium, in series 2 , an initial experiment was carried out at temperatures going 
progressively in 2 degree steps from 76 to K and then back by the same 
intervals to 76°K. The readings on M were exactly repeated at correspond¬ 
ing temperatures in both directions. A satisfactory test of the fact that the 
oxygen and nitrogen thermometers register the same temperature in the 
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range where they overlap, namely, 75-77° K, is afforded by the exact way in 
which points on the 76° isotherm for argon shown in figure 6 fit on the same 
curve. (The circles represent points obtained with the nitrogen thermometer 
and the squares points with the oxygen thermometer.) 



FiotTRE 6. Log a?-log p iHotherms for argon, oxygen and nitrogen on Cal. 

Heats of adsorption 

The heats of adsorption as a function of x were calculated from the above 
experiments using the Clausius-Clai^eyron equation in the form 

n / 1 2 - 303 d//ri in 

PiIp^x ~~ 'jj^ * ■ I > 

where AH is the heat liberated when 1 g.mol. of gas is adsorbed on the 
substrate at constant pressure. 

The variation of AH with x thus obtained in eveiy case after falling 
initially, rose to a maximum and then fell steadily to the latent heat of 
vaporization of the condensed gas phase. The results are shown plotted as a 
function of xjx^ in figures 7, 8 and 9, where is the ordinate corresponding 
to the maximum value of AH and has the values tabulated in table 1. 
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From figures 7 , 8 and 9 it is evident that the maximum experimental 
error in AH is ±150 cal. which is of the order expected from a possible error 
of ± 0'5 % in a; and ± 0*01° K in T, the heats being calculated from iso¬ 
therms diflFering only by from 2 to 5 °K. 

The star in figure 7 which indicates the heat of adsorption found experi¬ 
mentally by Lenel (1933) will be seen to be in good agreement M ith the 
present results. 

Table 1 




X 10® g,mol. 



A 

0. 


KCl 

8-3 

8-4 

7*2 

Csl 

4-5 

4-0 

4*0 



Fioubk 7. Heats of adsorption as a function of 0 for argon on KCl (J) and on Csl ©. 


DisotrssiON 

In two recent papers (Roberts and Orr 1938; Orr 1939) detailed theoretical 
calculations have been carried out of the adsorption behaviour of argon on 
KOI and Csl surfaces and the following resulta have been obtained: 

(1) The energies of adsorption and the equilibrium distances of an isolated 





dH cal./g.moI. 



Fiqtoib 9» Heats of adsorption as a function of d for nitrogen on KCl (J) and 

on ObI O . 
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atom at various positions on these surfaces were calculated directly and are 
collected in table 2. 


KCI 

requil. 

A 

cal./ 

g.mol. 

Table 2 

Csl 

Surface 

layer 

requjl. 

A 

cal./ 

g.mol. 

Above the centre 

3-215 

1593 

Above the centre 

ions 

(1'75) 

3168 

of a lattice cell 

Above the mid¬ 

3-44 

1314 

of a lattice cell 

I ions 

2*60 

2682 

point of a lattice 
edge 

Above a K+ ion 

3-48 

1423 

Above a lattice 

Cs * ions 

3*65 

uoo 

Above a Cl~ ion 

3*74 

1233 

point 

1 - ions 

4-08 

1361 


(2) In the case of KCl it was shown that, in the formation of a primary 
monolayer, atoms would be adsorbed from 6^ = 0 to about 0*5 above the 
centres of lattice cells but that as 0 tended to unity the arrangement would 
pass over to a close-packed hexagonal pattern. In this configuration, the 
adsorbed atoms being distributed at random with res|)ect to the lattice 
periodicities, the energy of adsorption norma] to the surface at ^ — 1 would 

av 

be a weighted average of values in column 3, table 2, namely — S — 1412 cal. 

KOI 

The calculated behaviour is shown in figure 7, curve 1. It should be noted, in 
this case, that the electrostatic field is zero from 6/ = 0 to 0-5 and that from 
0 “ 0*5 to 1*0 the electrostatic contribution to the mutual energy of the 
molecules in the adsorbed layer is less than 3 % of the mutual energy due to 
van der Waals forces. 

(3) In the case of Csl both Cs+ and I “ faces are present in equal amounts. 
It was shown that in both cases the most stable arrangement over the range 

= 0 to i‘0 would be that with atoms adsorbed above the centres of lattice 
cells. The calculation of the variation in heat in the actual physical case 
where the two surfaces are competing for atoms was carried out making use 
of equation (1). The result is plotted as curve 2 in figures 7 and 8. The 
distinct difference between this curve and curve 1 is due to the important 
part played by the electrostatic potential of the crystal in this case. Dipoles 
orientated in parallel are induced in the adsorbed molecules and these give 
rise to a repulsive potential which, although amounting only to 16 % of the 
van der Waals contribution to the mutual energy at 0 « 1 in the case of an 
1“ face, becomes 33 % greater than the van der Waals field in the case of the 
Cs^ face at the same value of 0, 
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(4) Further the difference between the calculated adsorption eneirgies 
which refer to absolute zero and the experimental values of AH at liquid air 
temperatures was shown to be well within the experimental error so that the 
above direct comparison of the calculated and experimental results is quite 
permissible. 

(5) Finally, an extension was made to the system, argon on KCl of Dube^s 
( 1938 ) treatment of the problem of atoms condensing in the first and second 
layers simultaneously and it was shown that a maximum should occur in the 
AH, x) curve whose ordinate, should mark to within 1 % the number of 

molecules adsorbed at the completion of a first monolayer. Thus it is possible 
to express the heat variation in terms of 0 = r/ic^^asshownin figures 7 ,8 and 9. 

Although it was only in the case of argon that all the constants of the 
attractive and repulsive potentials were known, it is possible to decide to 
what extent the calculated values of the energy in the cases of oxygen and 
nitrogen should differ from those of argon. In the case of oxygen there is a 
very close similarity between the potential energy curves for two argon 
(Lennard-Jones 1931 ) and two oxygen (Fowler 1938 ) molecules, which have 
been derived from Virial coefficient data, namely, 

< 6 ^ « - 1-70 X 10 7-68 x 

and == 1*71 X 7-8 x 

Further, the diameters of an argon and an oxygen atom derived from the 
densities of the liquids at 87° K are 4-05 and 4*00 A respectively. Thus it can 
be anticipated that the behaviour of these two gases in weak van der Waals 
adsorption fields will be very similar indeed. A comparison of figures 7 and 8 
wUl show that this is true of adsorption on KCl and Csl. In the case of 
nitrogen it would be expected from the lower heat of interaction of a pair of 
nitrogen molecules and also from the lower heat of evaporation of the 
liquid compared with argon or oxygen, that the adsorption heat of nitrogen 
would be lower than that of the other two. A similar conclusion is indicated 
from theory, for taking account of the increased diameter of nitrogen 
(namely, 4-38 A at 85° K) compared with argon and oxygen, the van der 
Waals energy at the equilibrium distance calculated, alike by the London 
formula ( 1930 ) and the Kirkwood-Muller formula ( 1936 ), gives a smaller 
negative energy than in the other two cases. It is thus surprising to find that 
the measured heats of adsorption AH, for nitrogen are on the average about 
400 oal. greater than those of oxygen and argon. The result is, however, not 
peculiar to the present experiments but has been observed by Barret ( 1937 ) 
with adsorption on graphite, by Wilkins ( 1938 ) on platinum, by Zeise ( 1928 ) 
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on glass. An observation of possible significance in this connexion is that of 
V^gard ( 1934 ), who finds evidence, from the crystal structure of solid nitro¬ 
gen, of a small polarity comparing very exactly with that found for the iso- 
steric molecule carbon monoxide. Although the explanation of such a 
polarity is not clear, if the effect is real, then it might be expected to be 
operative also for nitrogen in the adsorbed state and would explain the 
observed high heats of adsorption. In some unpublished, adsorption ex¬ 
periments on LiCl, nitrogen and carbon monoxide isotherms behaved very 
similarly and differed quite markedly from the shape of argon isotherms. 

A direct comparison of the theoretical calculations with the experimental 
results may now be made, taking first the case of argon on KCl. From figure 
7 it is evident that the calculations reproduce quite exactly both the shape 
and the absolute magnitude of the experimental curve from d — 0*5 to 1 * 0 . 
The divergence of the curves at lower values of S is most probably to be 
ascribed to adsorption taking place in cracks and other irregularities in the 
crystals. Initially molecules will be adsorbed on the most energetic positions, 
that is, in the bottoms of deep fissures where the adsorption heat may rise to 

av av 

a maximum of — — — 3060 cal. ( — 1412 has been previously 

KCl KCl 

defined and —a — 240cal. is the energy of two argon atoms at contact.) 
From the extent of divergence of the ex})eriinental curve it may be estimated 
that about 15 % of the surface of the sample of crystals used consists of 
cracks of from one to two molecular diameters width. Where the fissures are 
vrider than this the ad 8 oq)tion energy will not differ significantly from ad- 
sori)tion on the plane surface. The number of molecules which can be ad¬ 
sorbed in a second layer will thus be approximately 85 % of It is further 
evident, comparing figures 7 and 8 , that the same calculation reproduces 
equally well the shape of the {AH^ 0) curve in the case of oxygen. In absolute 
magnitude the values of AH for oxygen are only about 100 cal. higher than 
those for argon. A further fact consistent with the interpretation we are 
here giving to the results is that the values of for argon and oxygen are 
closely equal, being 8*3 and 8*4 x 10 ~«g.mol. respectively. This would be 
expected from the sinailarity in their radii. In the case of nitrogen on KCl, 
besides the fact that the absolute magnitude of AH is greater than that 
expected theoretically, the variation of AH with 0 is somewhat greater than 
would be calculated. However, it is not permissible to draw definite conclu¬ 
sions from the latter fact since a consideration of the shape of the isotherms 
(see figure 3) in the region near x^ will show that a very slight experimental 
error would give rise to large variations in the heat of adsorption. The value 
of = 7-2 X 10“®g,mol., however, is significantly smaller than that found 
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for argon and oxygen and this is in agreement with expectation, since 
should be approximately equal to 

Ma = 8'3(4'06/4*38)2 X 10”« :== 7-1 x 10“«g.mol. 

The case of argon and oxygen on Csl may now be considered. The calcu¬ 
lated variation of as a function of 6 is applied directly to the experimental 
’ results, curve 2 , in figures 7 and 8 . It is immediately evident that the calcu¬ 
lated heats exceed the experimental by some 600 oaL This discrepancy may 
be ascribed, partly to the use of the Kirkwood-Muller formula for the large 
ions, Cs'^" and I“, and may be partly due to the somewhat arbitrary choice of 
a suitable repulsive constant made in this case. However, the calculated 
variation of AH with 0 reproduces the shape of the experimental curve in a 
very satisfactory fashion (especially so in the case of oxygen for which the 
experimental results are rather less scattered than in the case of argon). In 
the case of nitrogen on Csl, as on KCl, although the absolute magnitude of 
the experimental results is again some 600 oaL higher than those of argon or 
oxygen, the variation of AH with 0^ however, follows closely the shape of the 
theoretical curve. 

10 
0-8 
0-6 
04 
0-2 


P 

Fiqubb 10, Calculated adsorption isotherms for particular fovxtm of the 
heat variation curve. 

Connected with the distinct U-shaped appearance of the curves for these 
gases on KCI is the fact that the {p, x) isotherms all have two points of in¬ 
flexion in the region between 0 = 0 to 1-00 (see figure 4). It has been shown 
by Fowler ( 19366 ) and by Wang ( 1937 ) that an adsorption isotherm will not 
show an inflexion in the range where AH (or x> (1)) is steadily decreasing. 

In figure 10 , curves a and 6 represent two simple Langmuir curves, a with 
and b with Xa» where Xi > Xi- Curve c represents the behaviour of an isotherm 
where x is falling from Xi towards X 2 * Further, Fowler ( 1936 a) has shown that 
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when the molecules in their equilibrium positions in the first layer attract 
one another, the isotherms will always havoone inflexion, as shown in ourverf. 

In the present experiments AH falls initially and subsequently rises due to 
lateral interactions. Thus we expect the isotherm first to follow a curve such 
as c and later to bend over to one similar to d. The resultant effect will be as 
shown in curve e, which rt^produces all the essential features of the isotherms 
such as those in figure 4, found experimentally in the case of KCl. In the 
case of Csl, tlie very slight maximum in the curves is apparently insufficient 
to produce a noticeable inflexion in the initial portion of the isotherms (see 
figure 6). It may be concluded that for the range 0 — 0 to 1 *0 all the distinc¬ 
tive features of the results can be quite adequately explained on theoretical 
grounds. 

It now remains to discuss the behaviour of the systems in the range from 
the completion of a monolayer to the bulk condensation of the gas on the 
solid. In table 3 are given values of the ratio of the equilibrium vapour 
pressure (p) to the saturation vapour pressure of the bulk gas phase (p^) for 
representative isotherms at amounts adsorbed corresponding to 1, 2, 3 and 4 
apparent layers, the area available in the second and subsequent layers 
being assumed equal to 85 % of that in the first. 

Table 3 


No. of “layorH” 

1 

2 

PIPh 

3 

II ^ 

4 

Bulk 

condensed 

phase 

Argon 
(79*35'^ K) 

0-26 

0-69 

0-90 

0-96 

Solid 

m.p. = 83-9® K 

Argon 

(86-89'' K) 

0-22 

063 

0*80 

0-90 

Liquid 

Oxygon 

(79-32° K) 

0-20 

0*66 

0-80 

0-86 

Liquid 

Nitrogen 

(73%57"K) 

0-012 

044 

0'70 

0-85 

Liquid 


The similarity between oxygen and argon and the contrast in their be¬ 
haviour to that of nitrogen is here very clearly brought out, the relatively 
very low value of pjpst at one monolayer, in the case of nitrogen, being 
indicative of the much stronger interaction of these molecules with the 
surface. It is also significant to note that pjp^ for nitrogen reaches values 
similar to those of oxygen and argon when about three or four apparent 
layers are adsorbed, thus illustrating the very rapid falling off in the in¬ 
fluence of the surface field. The fact that the vapour pressure does not reach 
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exactly the saturation vapour pressure in about four layers, as would be 
expected from the known range of molecular forces, but tends asymptotic¬ 
ally towards it, as is shown in figure 5, is undoubtedly to be explained by a 
lowering of the vapour pressure of the bulk phase due to capillary effects 
occurring in wide cracks or holes in the crystal surface. Although rapid 
condensation in bulk does not set in till about four or five layers have con¬ 
densed the heat of adsorption, in the case of argon, falls to the sublimation 
heat of the solid very close to the completion of a second layer (see figure 7), 
while, in the cases of oxygen and nitrogen, it falls to the heat of vaporization 
of the liquid when between two and three layers have been condensed (see 
figures 8 and 9). Now applying the Gibbs-Helmholz relation to the data for 
argon at the completion of a second layer, where (Hads.) — 0, we 
have 

— ^crys,) ” (^^ads. ” ^^crys,) ^ P/p8* 

Using the value pjps — 0-69 from table 3, we obtain (S^dg.-* Sp^yg) = 0*86 
entropy units. This figure is comparable with the entropy changes occurring 
at transitions between two different crystalline species, and it is a measure of 
the increase of disorder in a bimolecular layer over that of crystalline argon. 
This disorder results from the adjustment which must be made in passing 
from the hexagonal pattern which we have attributed to the first layer of 
argon on KCl, or the cubic pattern in the case of argon on Csl, to the face 
centred structure of the bulk crystal. If the second layer were condensing in 
the form of localized crystallites no such distinct entropy difference could be 
expected. Wc thus conclude that, subsequent to the formation of a first 
layer, which we have already shown has a well defined range of existence, we 
must suppose that, in the case of argon below its melting point, a fairly 
distinct second layer is also built up. In the cases of oxygen and argon 
(above 83*9''K), the second layer is possibly not quite so distinct as in the 
previous case, while in the case of nitrogen, where the relative vapour pres¬ 
sure is so much smaller than in the case of argon, it seems likely that the 
second layer may be more distinct. By the third or fourth apparent layer the 
effect of the surface field must be quite unimportant and the geometric 
relations characterizing the bulk phase, whether solid or liquid, should be 
almost completely satisfied. From this stage onwards the growth of the 
adsorbed phase may take place at random. These results are in harmony 
with most recent experiments on multimolecular adsorbed gas layers and 
may be considered as lending further weight to the viewpoint that relatively 
few layers, no more than four or five at the most, are adsorbed before bulk 
condensation of the adsorbed phase sets in and, in particular, as giving 
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support to Bangham’s ( 1938 ) hypothesis of the hminated character of 
these primary surface layers. 

1 wish to express my thanks to Professor E. K. Rideal, F.R.S., for en¬ 
couragement and advice during the course of the work and to Dr J. K. 
Roberts for many helpful discussions. I am indebted to The Carnegie 
University Trust for the grant of a Research Fellowship during the tenure of 
which this woz'k was carried out. 


Summary 

An experimental technique sufficiently sensitive to measure accurately 
the very small amounts of non-polar gases which arc adsorbed on alkali 
halide crystals is developed. Isotherms for argon, oxygen and nitrogen on 
KCl and Csl are described and the heats of adsorption as a function of the 
amount adsorbed are derived. 

For these systems a maximum occurs in the curve of the heat of adsorption 
plotted as a function of the amount adsorbed and this, it is shown, marks 
precisely the position at which a first monolayer is completed. The results are 
C()mi)ared with theoretical calculations of the adsorption behaviour of 
argoi'i on KCl and {'"si and very good general agreement is obtained. Prob¬ 
able explanations are advanced for specific deviations. 

In the range between the completion of a single monolayer and the bulk 
condensation of the gas an amount equal to three to four times that in the 
first layer is adsorbed. It is concluded that the molecules in this region tend 
to arrange themselves in layers rather than in localized aggregates. 
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The magnetic susceptibilities of some cupric salts 

By Jam£s Beekib 

Royal Society Mond Laboratory^ Cambridge 
{Communicated by J. D. Cockcroft, F.R.S.—Received 22 July 1939) 

1. Introduction 

The crystalline field theory of paramagnetic salts has been applied by 
Jordahl {1934) to the determination of the magnetic susceptibilities of certain 
cupric salts, and from a comparison with the existing experimental data it 
has been concluded that the ion in these salts can be regarded as acted 
on by a predominantly cubic crystalline electric field due to the surrounding 
ions of the crystal. The cupric salts considered by Jordahl were cupric 
sulphate pentahydrate, CUSO4.5H2O, and the potassium and ammonium 
double sulphates, CuSO4.K2SO4.6HaO and CuS04.(NH4)2S04.6H20 re¬ 
spectively. In the case of the first of these, X-ray investigations (Beevers 
and Lipaon 1934) have shown that the Cu++ ion is surrounded by an approxi¬ 
mately regular octahedron of six negatively charged oxygen atoms, which 
gives rise to an electric field of nearly cubic symmetry. In the case of the 
double sulphates no structure determinations have been made but it is again 
probable that the ion is acted on by a cubic field arising from a regular 
octahedral arrangement of the six water molecules around it. 


24-2 
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de Haas and Gorter ( 1930 ) have measured the mass susceptibility of 
powdered cupric sulphate pentahydrate down to a temperature of 14*^ K, 
and by suitably choosing the parameters of the crystalline field Jordahl was 
able to account approximately for the variation of susceptibility with tem¬ 
perature. There are, however, systematic differences between the calculated 
and observed curves which become pronounced at low temperatures. The 
cupric double sulphates have been investigated in powdered form down to a 
temperature of 80® K by Janes ( 1935 ), who also concluded that the experi¬ 
mental results could be explained on the basis of a predominantly cubic 
electric field acting on the Cu'^ ^ ion. 

The present paper is mainly concerned with the temperature range below 
20 ® K, and the absolute values are given for the susceptibilities of the three 
cupric salts in powdered form down to a temperature of 1 - 6 ® K. In the case 
of each of the double sulphates the mean susceptibility is found approxi¬ 
mately to follow a Weiss law with a small negative value of 0 from 290 down 
to 14® K, but in the helium range d becomes zero within the limits of experi¬ 
mental error and a simple Curie law is then obeyed down to the lowest 
temperature. The mean susceptibility of the cupric sulphate can be repre¬ 
sented over the whole temperature range by a Weiss law with a negative 0 
rather larger than that found for the double 8 ul])hateB. 

2. Apparatus and experimental procedure 

The conventional Gouy method was used to measure susceptibilities, the 
general arrangement of the apparatus being as follows. A rod of the powdered 
salt, half filling a suitable container, was suspended from the beam of a 
torsion balance so that one end of the rod was in the position of maximum 
field of an electromagnet. In making the specimens the salt was finely ground 
and packed uniformly into the container. The tube containing the salt was of 
quartz and was made as nearly as possible symmetrical with respect to the 
magnetic field. If the symmetry were perfect then the magnetic field should 
exert no resultant force on the tube alone; in practice it was found that the 
force on the whole carrier system at helium temperatures was well within the 
experimental error, while at the higher temperatures it was not detectable. 

On applying a magnetic field the specimen is pulled upwards with a force 
given hyF=^ - //§)//, where H is the homogeneous field between the 

pole-pieces of the magnet and that at the lower end of the specimen. 
X k the mass susceptibility of the salt, and m and I the mass and length 
respectively of tlie specimen. In all cases the length was approximately 
10 cm. To measure the force a null method was employed, the specimen 
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being brought back to its original position by electrodynamic cotn penBatiou. 
In order to eliminate any effect of the stray field of the electromagnet on the 
moving coil of the torsion balance the directions of the currents in the com¬ 
pensating coils were reversed and the mean value used. The force was thus 
obtained in terms of the compensating current, from which, by a direct 
calibration of the torsion balance, the force in dynes was found. 

Magnetic fields were measured ballistically using standard search coils 
and a fluxmeter. A satisfactory check on the calibrations was made by 
measuring the susceptibility of a polyorystalline rod of pure bismuth. 

In order to vary the temperature of the specimen it was arranged that the 
salt container was suspended in an inner tube which was connected to the 
torsion balance but which prevented direct contact between the salt tube 
and the low-temperature bath. The low temperatures were obtained by 
surrounding this inner tube system with liquid air, liquid hydrogen, or liquid 
helium. Temperatures in the hydrogen and helium ranges were found from 
the measured vapour piiessures above the liquids, and during observations 
were maintained constant to one or two hundredths of a degree. Liquid air 
temperatures were measured with a pentane thermometer and are not 
accurate to better than about 0*5®. To obtain thermal equilibrium between 
the powdered salt and the bath, helium gas was admitted to the salt tube 
before sealing off, and the observations were made with heli\xm gas in the 
inner tube system. Most of the measurements were made with about half an 
atmosphere at room temperature of helium gas in the salt tube and with a 
small pressure (4cm. Hg at room temperature) in the inner system. Varia¬ 
tions of these pressures were tried but did not appear to have any observable 
effect on the thermal equilibrium or on the actual measurements. Corrections 
for the presence of the diamagnetic helium gas in the salt tube are negligible. 

Since the force on any particular specimen wordd vary by a factor of about 
two hundred over the whole temperature range it was found more con¬ 
venient to use different specimens in the different temperature ranges. The 
procedure adopted was to measure a suitable specimen in the helium and 
hydrogen regions, thus obtaining values of % 20^^ K. A second, and 

larger, specimen was then measured at liquid liydrogen, liquid air, and room 
tomjxeratures, and hence the values of x over the whole temperature range 
found. These absolute values were checked by making measurements on 
several large specimens at room temperature. The absolute values obtained 
for these different specimens at a given room temjxerature differed in general 
by not more than 1 % from each other, and this can be taken as the probable 
accuracy of the absolute values over the whole temperature range. 
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3. Results 

In all cases the values given for mass susceptibility refer to measurements 
made on pure salts obtaiiied from British Drug Houses Ltd. At room 
temperature, and over a range of magnetic fields varying from 2500 to 
10,000 G, no dependence of x f greater than the experimental en'or 

was found. Ferromagnetic impurities can therefore be taken as inappreci¬ 
able. 

(a) CU 8 O 4 . 5 H 2 O. 

The values found for this salt are given in table 1 , in which x. the observed 
mass susceptibility and Xm tke gram-molecular sus(.‘eptibility corrected for 
the diamagnetism of the other ions in the crystal. (Diamagnetic corrections 
used are those due to Pascal.)* is the effective magnetic moment of the 


Table 1. CUSO4.5H2O 


T(^K) 

yx 10* 

X'u 


XmT 

Xm(T^O^I) 


292-2 

6-82 

0-00166 

646 

0-4530 

0*4644 

1-218 

291-7 

5-83 

0-00166 

643 

0-4636 

0-4644 

1-219 

80-4 

22-05 

0-00661 

178 

0-4612 

0-4645 

1*211 

20-41 

86-9 

0-02179 

46-9 

0-4445 

0-4606 

M94 

18-77 

94-5 

0-02368 

42-2 

0-4446 

0-4620 

M94 

17-12 

103*1 

0-02582 

38-7 

0-4420 

0-4606 

M87 

15*52 

112*9 

0-02832 

35*3 

0*4392 

0-4591 

M80 

14-78 

118*2 

0-02962 

33-7 

0-4377 

0-4686 

M76 

4-23, 

374-0 

0-0934 

10-7 

0-3962 

0-4613 

1-064 

3-73 

418-2 

0-1047 

9-64 

0-3910 

0-4642 

1-061 

3-36 

453-9 

0-1134 

8-82 

0-3801 

0-4692 

1-021 

3-06 

493*6 

0-1234 

8-11 

0-3764 

0-4626 

1-011 

2-62 

666-2 

0-1387 

7-21 

0-3636 

0-4606 

0-977 

2 29 

616*0 

01637 

6-61 

0-3620 

0-4600 

0-946 

1-93 

707*6 

0-1768 

6-66 

0-3412 

0-4660 

0-916 

1-58 

828*6 

0-2069 

4 83 

0-3271 

0*4722 

0-878 


Cu-^ + ion in Bohr magnetons, given by/tj = 3xm In this expression 

k is Boltzmann’s constant, N is Avogadro’s number, and is the value of the 
Bohr magneton. Inserting the values of these constants the expression re¬ 
duces to fiji = 2-839.y/(;^^T). The diamagnetic correction applied in this case 
is “99x 10 ~* per gram-molecule. No corrections for demagnetization effects 
have been made; these are in any case very small. 

From figure 1 , which shows 1 as a function of T for temperatures up to 
20 ® K, it will be evident that the mean susceptibility follows a Weiss law 
fairly closely. The results over the whole temperature range can be repre- 

♦ Soo E. C. Stoner, Magnetism a/nd MoUeft p, 470. 
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sented by — (^mI(T -h 0*7) within the experimental error. Actually there 
is, at the two lowest temperatures, an increase in the value of indicating 
that x'jid beginning to increase more rapidly than the above law indicates. 
This deviation is, however, scarcely greater than the experimental error. 
Omitting these two points we obtain a mean value for the Curie constant 
of 0*4595, from which follows a saturation moment of 1 *923 Bohr magne¬ 
tons for the Cu^^ ion in the crystaL (This is, as usual, calculated from 

= 2.839V{xW(7^-<^)}*) 



Figure 1. •CuSO^.SH.O, O CuS04.K,804.«H,0. 

In figure 4 the variation of the effective moment with temperature is 
shown. The value of has been plotted as ordinate rather than 
because the deviation of from the value unity gives a measure of the 
contribution of the orbit to the observed magnetic moment in the case of an 
ion in an ^ state. Further, if Curie's law is obeyed \/i% should be constant. 
Consideration of the effective magnetic moment of the ion as a function of 
temf)erature will be deferred until the discussion of the results. 
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(b) OuSO 4 .KgSO 4 . 6 H 2 O 

Table 2 and figure 1 give the results found for copper potassium sulphate. 
The diamagnetic correction used in this case is - 182 x 10 "^ per gram-mole¬ 
cule. Down to a temperature of 14® K the results follow a Weiss law with 
(9 = — 0*3® and the value obtained for 6 \/ is 0*4560 to which corresponds a 


TABLii:2. CuS04.K2S04,6H20 


TCK) 

X 10® 

Xm 

Wm 

XmT 

A'i(7’*4-0*3) 


287*5 

319 

0*00159 

629 

0*4575 

0*4576 

1*228 

78*6 

12*56 

0*00573 

174 

0*4512 

0*4526 

1*211 

20*44 

48*96 

0*02182 

46*8 

0*4462 

0*4525 

M97 

19-20 

62*67 

0*02342 

42*7 

0*4495 

0*4570 

1*208 

1807 

55*60 

0*02476 

40*3 

0*4477 

0*4665 

1*203 

1712 

58*84 

0*02621 

38*2 

0*4483 

0*4569 

1*206 

15*89 

63*32 

0*0282() 

35*5 

0*4480 

0*4570 

1*204 

15*13 

66*78 

0*02970 

33-7 

0*4491 

0*4578 

1*207 

1413 

71*22 

0*03166 

31*6 

0*4470 

0*4569 

1*200 

424 

237*7 

0*1052 

9*61 

0*4402 

— 

M97 

3*63 

277*6 

0*1229 

8*13 

0*4462 

— 

1*197 

3*35 

300*7 

0*1332 

7*61 

0*4462 

— 

M97 

3*08 

328*7 

0*1465 

6*87 

0*4478 

— 

1*203 

2*60 

386*2 

0*1710 

5*85 

0*4445 

— 

M04 

2*35 

427*0 

0*1888 

6*29 

0*4435 

— 

1*191 

2*09 

480*8 

0*2126 

4*71 

0*4446 


M94 

1*60 

628*6 

0*2778 

3*60 

0*4442 

— 

M93 


satvii'ation moment of 1-917 Bohr magnetons. This value is, within the 
limits of error, the same as that found for CuSO^. 5 H 2 O. 

In the helium region Curie’s law is accurately obeyed down to the lowest 
temperature measured, and if we calculate the magnetic moment of the 
Cu++ ion from the average value of (4/ over this tem|)erature range we obtain 
1*893 Bohr magnetons. The effective magnetic moment is shown as a func¬ 
tion of temperature in figure 3. 

(c) CuS04.(NH4)2S04.6H20 

The observations made on copper ammonium sulphate are given in 
table 3, the correction ajiplied for diamagnetism being - 180 x 10“® per gram- 
molecule. As will be evident from table 3 the variation of with tem¬ 
perature for this salt is almost identical with that shown in figure 1 for the 
potassium double sulphate. Down to a temperature of 14®K the measure¬ 
ments can again be represented by a Weiss law with 6 = -0*3° and the 
saturation moment then obtained is 1*927 Bohr magnetons. From 4®K 
downwards the results follow a simple Curie law, and taking the average 
value of the Curie constant in this temperature range, viz. = 0*4522, we 
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obtain for the saturation moment of the Cu++ ion 1*907 Bohr* magnetons. 
This value differs by about one half per cent from the corresponding moment 
of the ion in the potassium salt. 


Table 3. CuSO^. * 6HjjO 


TrK) 

X 10® 

Xm 

1 /Xv 

XmT 



292*7 

3-60 

0-00158 

633 

0-4622 

0-4624 

1-240 

285-3 

3-69 

0-00102 

619 

0*4610 

0-4613 

1-237 

79-9 

13-88 

0-00673 

174 

0-4581 

0-4597 

1-230 

20-40 

64-83 

0-02213 

46-2 

0-4619 

0-4681 

1-214 

19-42 

68-16 

0-02342 

42-7 

0*4560 

0-4614 

1-222 

18-60 

60-87 

0-02454 

40-8 

0*4542 

0-4614 

1-220 

J7-45 

64-30 

0-02589 

38-6 

0-4619 

0-4695 

1*214 

16-28 

69-28 

0-02789 

36-8 

0-4641 

0-4628 

1-220 

16-36 

73-27 

0-02948 

33*9 

0-4626 

0-4614 

1*216 

14-00 

80-56 

0-03237 

30-9 

0-4626 

0*4626 

1-216 

4-23 

266-7 

0-1068 

9-35 

0-4624 

— 

1-215 

3-62 

313-2 

0-1254 

7-97 

0-4638 

— 

1-218 

3-36 

336-2 

0-1346 

7-43 

0-4611 

— 

1-211 

3-08 

366-7 

0-1464 

6-83 

0-4612 

— 

1-211 

2-01 

432-8 

0-1736 

6-76 

0-4626 

— 

1-216 

2-34 

482-2 

0-1930 

6-18 

0-4613 

— 

1-212 

2-01 

563-4 

0-2264 

4*43 

0-4628 

— 

1-217 

1*60 

706-2 

0-2820 

3-54 

0-4620 

— 

1-214 


In figure 3 the effective magnetic moments of tlie ion in the two double 
sulphates are compared over the temperature range up to 80'^ K. 

It waB found in the case of each of the three salts that at the lower tem¬ 
peratures in the helium range, the magnetization (r(— x^) was no longer 
accurately proportional to the apf)lied field H but that the initial stages of 
saturation effects were evident. (The maximum fields used in the helium 
region were about 8000 G, so that the factor /iHjkT in the Langevin expres¬ 
sion for magnetization has a maximum value of about 0*05 in the present 
case.) In consequence of this the tabulated values of mass susceptibilities in 
the helium region are obtained from the initial slopes of the magnetization 
curves, i.e. they represent low field susceptibilities. 


4. COMPARTSOK WITH PREVIOUS RESULTS 
• 

Before discussing the measurements given above a brief comparison may 
be made with other published results. 

For the cupric sulphate pentahydrate the present results are in very good 
agreement with those of de Haas and Gorter ( 1930 ) down to a temperature 
of 14'’K, the values obtained for Cj^ and 0 being substantially the same. 
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In the cas# of the double sulphates the only comparable results are those of 
Janes (1935), whose measurements extended from room temperature down 
to about 80''K. For the ammonium double sulphate Janes found that 
\fi% varied almost linearly from 1-220 at 83*^ K to 1 - 247 at room temperature. 
As will be evident from table 3 this is in fair agreement with the present 
results, but indicates a slightly*greater negative value for 6 over this tem¬ 
perature range. 

For the copper potassium sulphate the agreement is not so good. Whereas 
Janes found practically no difference in the value of the effective moment of 
the ion in the two salts over the temperature interval 8(V300° K, in the 

present case the moment observed for the ion in the ammonium salt is about 
one half per cent higher than that in the potassium salt over the same 
temj>erature range. Further, this difference persists down to the lowest 
temperatures. It might be interpreted that the orbital momentum therefore 
contributes slightly more to the observed magnetic moment in the am¬ 
monium salt; this should become more clear from a comparison of the results 
of demagnetization experiments using the two double sulphates. 

Other measurements made on the double sulphates near room tempera¬ 
ture, those of Krishnan, Chakravorty and Banerjee (1933) and of Bartlett 
(1932) for example, are in satisfactory agreement with those now found. 


5. Discussion 

Jordahl’s theory of the magnetic properties of the cupric salts for which 
experimental data have now been given may be outlined as follows. It is 
assumed that the Cu++ ion is acted upon by the electrostatic field due to the 
surrounding ions in the crystal, and this crystalline field is assumed to have 
monoclinic symmetry but to deviate only slightly from cubic symmetry. 
The resulting splitting of the energy levels of the Cu++ ion due to the 
crystalline field is then calculated. The energies of the component levels in 
the presence of an external magnetic field can then be found and hence the 
susceptibility from the general expression 



a 


In this expression N is Avogadro’s number, E, is the energy of the <Sth state 
of the atom, and the summation is taken over all states making an appreci¬ 
able contribution to the susceptibility. H is the external magnetic field. 
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The actual splitting of the energy levels which is assumed to occur in the 
ion \mder the combined action of the crystalline electric field and the 
spin-orbit coupling can be illustrated by figure 2. The normal state of the 
Cu+'i" ion is a configuration and under the action of a large cubic field on 
which is superposed a much smaller rhombic field the fivefold orbital de¬ 
generacy is removed and five levels result. Two of these levels have a separa¬ 
tion of the order of 100 cm.and lie considerably below the other three. 
The overall splitting is of the order of 19,000 cm.*”^. 

The inclusion of spin produces no additional splitting until a magnetic 
field is apjjlied, when the degeneracy is completely removed and the number 
of states is doubled. The calculation of the magnetic susceptibility then 
involves a knowledge of the energies of the resulting four lowest levels (a in 
figure 2), it being assumed that the six upper levels are sufficiently separated 
from the lower levels to give no appreciable contribution to the suscepti¬ 
bility. 


a 


Figube 2 

With the above assumiitions the result of Jordahl's calculations is that to 
a first approximation the mean susceptibilities of the two double sulphates 
should vary with temperature according to the simple formula 

^^T^AT + B. 

It follows that pi% should vary with temperature in the same way. To what 
extent this is the case will be evident from figure 3 which shows \fi% as a 
function of temperature for the two salts. Jordahrs calculated curve for 
copper ammonium sulphate is also shown on this diagram as a dotted line. 
It will be clear that the results do follow approximately a formula of the type 
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given above, but that the absolute values differ somewhat from the theo¬ 
retical curve. This discrepancy, however, is unimportant since, by supposing 
the splitting due to the cubic field to differ slightly from that assumed by 
Jordahl, the theoretical curve can be moved vertically without appreciable 
change of slope and the observed results can then be closely represented by 
JordahFs theory, It should, of course, be noted that the value of at room 
temperature depends to some extent on the diamagnetic correction as¬ 
sumed. 



Fiourk 3. O CuSO 4 .K 2 SO 4 . 6 HjO. • CuSO4.(NH4)8S04.6H20. 

The present results may therefore be taken as strong evidence in favour of 
the existence of a crystalline electric field of predominantly cubic symmetry 
acting on the Cu^ ion in the j)otas8ium and ammonium double sulphates. 

Jordahl concluded from de Haas and Goiter’s measurements {1930) on 
CUSO4.5H2O that an approximately cubic field would also in this case 
account for the observed variation of the magnetic susceptibility with 
temperature. Structure determinations showed that the field could only be 
approximately cubic, and the extension of the magnetic measurements to 
very low temperatures now suggests that the splitting of the energy levels in 
copper sulphate must differ appreciably from that in the double sulphates. 
In figure 4 the observed effective moment is compared with the theoretical 
curve deduced by Jordahl assuming an electric field similar to that present in 
the double sulpliates and producing an overall energy separation of 
18 , 500 cm." h At low temperatures the results are evidently no longer in 
agreement with the theoretical deductions. It is found that the value of 
begins to decrease in the hydrogen region and then falls rapidly to the 
spin-only value of unity in the neighbourhood of 3 °K, decreasing still 
further at lower temperatures. The interpretation of this fact might be that 
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the orbital contribution to the magnetic moment decreases at low tempera¬ 
tures, becomes zero at about 3 ° K, and thereafter oontributes in the reverse 
sense. Alternatively, the decrease might be a consequence of a partial 
quenching of the spin moments themselves by the crystalline field or by 
exchange forces. 



FiauKE 4. O Observed values. > . - - Jordahrs theoretical curve. 

Ashmead's recent results (1939) on the specific heats of copper sulphate 
and copper potassium sulphate indicate an important difference in the 
behaviour of the salts in adiabatic demagnetization experiments, and it is 
probable that this effect is to be related to the fact, deduced from the present 
magnetic measurements, that the sj^litting of the energy levels differs in the 
two salts. The specific heat measurements on copper sulphate show a large 
maximum in the neighbourhood of l^'K. This requires that there should be 
two adjacent levels in the ion with an energy separation of one or two wave 
numbers only, and with the simple electrostatic field assumed by Jordahl 
such close proximity of two levels does not seem to be possible. The presence 
of a large rhombic field could result in an overlapping of the three upper 
levels with the lower levels (see figure 2) and thus perhaps in an accidental 
proximity of the two resulting lowest levels with the required small separa¬ 
tion, but such an explanation seems unlikely on account of the extremely 
large rhombic; field which would bo required. Unless we can suppose 
magnetic interaction effects to become appreciable in copper sulphate at a 
relatively high temperature it seems necessary to assume the existence of 
some modification of the crystalline field which produces a doubling of the 
energy levels of the ion in copper sulphate but which is not present in 

the double sulphates. 
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StTMMABY 

The mean mass susceptibilities of the three cupric salts, cop|)er sulphate 
pentahydrate, copper potassium sulphate hexahydrate, and copper am- 
monium sulphate hexahydrate have been measured down to a temjierature 
of 1*6° K. It is found that the first salt follows aj>proximate]y a Weiss law 
with d — —0*7° over the whole temperature range, and that both double 
sulphates follow a similar law with 0 = —0*3° down to 14° K but obey a 
simple Curie law in the helium region. TJie results are compared with 
Jordahrs crystalline field theory in which the ion in these salts is 

assumed to be acted upon by an electrostatic field of nearly cubic symmetry. 

It is concluded that Jordahrs theory is able satisfactorily to account for 
the observed variation with temperature of the effective magnetic moment of 
the Cu^^ ion in the double sulphates, but that in the case of the copt>er 
sulphate the theory is not adequate to explain the su8cei)tibility measure¬ 
ments. It appears that either the system of energy levels of the Cu^ ^ ion in 
copper sulphate must differ considerably from that in the double sulphates, 
or magnetic interaction effects must become appreciable in copper sulphate 
at a relatively high temperature. 

In conclusion, I wish to express my thanks to Dr J. D. Cockcroft and to 
Dr J. F. Allen for their interest in this work, and to acknowledge the con¬ 
siderable help derived from discussions with Dr R. Schlapp and Professor 
K. S, Krishnau. The work was supported by the Carnegie Trust to which I 
am greatly indebted. 
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Experiments on the transmutation of fluorine 
by deuterons 

By J. C. Bower, Ph.B., Emmanuel College, and 
W. E. BtJRoiiAM, Ph.D., StokeJi Student, Pembroke College, Cambridge 

{Communicated by J, D, Cockcroft, FJi.S. — Remmd 28 July 1939) 

[Plat(‘ 12] 

1. Introduction 

The radioactive effects induced in fluorine by deuteron bombardment are 
supposed to be due to the formation of in accordance witii the [)roces8 

( 1 ) 

the radioactive body transforming into as a result of /?-ray emission. 

Crane, Delsasso, Fowler and Lauritsen (1935, 193b) found the value 12 sec. 
for the half-period of the radioactive decay and the value 6*2 x 10® eV for 
the upper energy limit of the /?-ray spectrum. Protons omitted during the 
bombardment of fluorine by deuterons have been detected by Burchain 
and Smith (1938) using an ionization chamber and linear amplifier. In these 
exfieriments an inhomogeneous group of protons of mean range 11*6 cm. 
V as observed , and this proton emission was attributed to the formation of 
according to the i)rocess (1), The interisity of this proton group was 
found to be insufficient to account for the amount of radioactive ^®F which 
was observed. No proton group having a range greater than 11*6 cm. was 
detected but the emission of shorter range groups could not be excluded 
and it was thought that such shorter range groups might be sufficiently 
intense to account for the amount of radioactive fluorine produced in the 
transmutation. On tlie assumption that the total energy release in reaction 
(1) could be obtained from the energy of the 11*6 cm. group, a mass of 
20*0087 was deduced for in its ground state. This led to the conclusion 
that the ®®Ne nucleus formed in accordance with the ))r()cess 

20F->*«Nc4-/? (2) 

must be left with an excitation energy of 4*1 x 10® eV which it might sub¬ 
sequently lose as a y-ray, so that every particle from should be fol¬ 
lowed by a y-ray from ®®Ne. Some support for this view was obtained by 
the detection of a y-ray activity decaying with a period of about 12 sec. 

1: 379 1 
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from fluoride targets after deuteron bombardment. Measurements of the 
energy of these y-raya are described and discussed in this paper. 

An alternative suggestion for the origin of the radioactive y-rays has been 
made by Bethe, Hoyle and Peierls (1939) on the basis of an analysis of the 
/?-ray spectrum of This spectrum is considered to be complex and to 
represent a superposition of simple spectra corresponding to /?-ray tran¬ 
sitions from the initial nucleus to two levels in the final nucleus 
separated by 2 x 10^ eV. In those cases in which the decay of to the 
upper level of *°Ne takes place a subsequent y-ray emission is exj)ected and 
these y-rays should have an energy of about 2 x 10* eV and should decay 
with the 12 sec. period of ^F. It is clear that this theory predicts a lower 
mass for **F than does the preceding view since the energy of the radio¬ 
active y-ray must not be added to the upper limit of the y?-ray spectrum in 
calculating this mass from that of ^Ne according to process (2). It follows 
that the energy of the proton group emitted in process (1) will be different 
according to the two views, and a determination of this energy is therefore 
important. 

The experiments described in this paper were commenced with the 
object of attempting to investigate the structure of the 11 *0 cm. group of 
protons from reaction (1). In the ionization chamber experiments the 
observation of this group was difficult owing to the presence of intense 
contamination groups of ranges 10 and 15 cm. from the bombardment of 
oxygen and carbon. The intensity of these groups tended to increase during 
each experiment probably owing to the accumulation of oxygen and carbon 
on the fluoride targets. It was thought that an expansion chamber in¬ 
vestigation might facilitate the resolution of proton groups in this range 
interval, since in such an investigation the target is only bombarded for 
periods of about ^ sec. for each j)hotograph, and this might be expected to 
reduce the deposition of oxygen and carbon on the targets by the action of 
the ion beam on pump oil vapours. It became obvious during the first 
observations that there were present protons with much greater energy 
than those in the 11*6 cm. group, and the experiment was extended to the 
determination of the ranges of these particles. Several groups of protons 
which had not been detected in the ionization chamber experiments were 
found, and a careful determination of the range of the group of maximum 
energy was made with a view to comparing it with that required by the 
hypothesis of Bethe, Hoyle and Peierls. During this work a group of 
particles which appears to arise from the transmutation of the rare isotope 
of carbon by deuterons was also observed. 

The failure to observe the long range proton groups in the earlier ioniza- 
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tion chamber experimentB is to be largely accounted for by the preBenoe in 
the ionization chamber of a large background effect due to neutron recoil 
particles. In this type of experiment, a high resolving power in the de¬ 
tection of proton groups can only be attained by limiting the aperture 
through which the particles pass into the ionization chamber and this 
tends to reduce the number of kicks in the chamber due to protons with 
respect to the number of neutron recoil kicks. The expansion chamber, in 
which recoil tracks produced by neutrons can be identified and rejected, is 
free from this disadvantage and affords a high resolving power without 
serious limitation of solid angle. The method is thus especially suitable for 
the detection of weak groups of particles. 

2. Proton groups 
(a) Experimental method 

The protons were introduced into the expansion chamber through a thin 
mica window supported on a brass grid covering a | in. diameter hole in the 
wall of the chamber. The target was placed about 3 cm. in front of this 
window and the disintegration particles, emitted at an angle of about 90 ° 
with the direction of the ion beam, emerged from the vacuum through a thin 



mica window and traversed an air gap of 5 mm, before entering the cloud 
chamber. The particles entering the cloud chamber were collimated by a 
device consisting essentially of a series of brass slots 1 cm, wide and 1 mm. 
deep placed between the target and the first mica window (figure 1). These 
slots were 12 mm. long, so that only particles which made an angle of less 
than 5 ° with the horizontal could enter the chamber. With this arrangement 
very few particles passed out of the light beam, and an accurate estimate of 


VoJ. 173. A. 


as 
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the relative intensities of proton groups could be made* By inserting mica 
sheets of known stopping power in the gap between the two windows 
different intervals of range could be investigated. The stopping power of the 
air in the chamber was usually between 0-5 and 0-7. 

One camera was used, and this was placed vertically above the chamber. 
The tracks were reprojected on to a plane occupying the same relative 
position to the camera as the horizontal plane through the centre of the 
mica windows occupied when the tracks were photographed. Since all the 
tracks entering the chamber were confined to a fan whose vertical spread 
was ± 6°, the maximum error introduced by taking the lengths of the tracks 
reprojected on to this plane as their range in the chamber was about J %. 
The collimator ensured that only protons making angles between 80 and 
100 ® with the horizontal beam of ions could enter the chamber. In the case 
of the protons emitted in the transmutation of fluorine by deuterons the 
dej)endence of range on the angle of emission with respect to the direction 
of the ion beam is small (e.g. 1 mm. for a 30 cm. proton track in the angular 
interval considered). The errors in the determination of the proton ranges by 
neglect of these corrections are small compared with the straggling effect 
and the inhomogeneity in range due to the thickness of the target. It was 
found advisable to limit the number of tracks per expansion to about 20, 
in order to facilitate measurement. 

The reprojection of the plates can be carried out rapidly, since it is only 
necessary to determine the length of the tracks and this can be done at the 
rate of about 200-300 per hour. Altogether about 26,000 proton tracks were 
measured. The arithmetical deductions were simplified by dividing up the 
surface on to which the tracks were reprojected into zones corresponding 
to J cm. intervals of range in standard air. 

Thin targets of KF, BaF^, SrFg and other fluorides were prepared by 
evaporation of the fused salts from an electrically heated strip of platinum 
foil on to a copper disk which had previously been thoroughly cleaned. These 
disks were mounted on a target head attached, to a ground joint so that 
either of three targets could be exposed to bombardment by the deuteron 
beam during an experiment. 

The resolved ion beam fell on to an eleotromagnetioally controlled shutter 
operated by a thyratron delay circuit. It was necessary to arrange that this 
shutter opened after the completion of the expansion in order that the pro¬ 
tons should traverse gas at a known pressure. An ion beam of 100 ft A at 
(>•8 X 10® eV was employed throughout the investigation. 
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(6) Results 

(i) Fluorine. Figure 2 a shows the combined results of a number of separate 
investigations in the range interval 16--29 cm. using thin targets of BaF* 
and KF. Groups of mean ranges 18 * 8 , 21*0 and 24*2 cm. are present. 
Figure 2 b covers the range interval 20-35 cm., and here the 21*0 and 24*2 cm. 
groups are again apparent as well as a group of mean range 31 cm. These 
groups wexe not present when BaCl2 or KOH were used as target materials 
and are therefore to be attributed to fluorine. The greater portion of the 
width of the groups arises from target thickness and straggling effects. 



range (cm.) * 
Fioubk 2 


In the range interval 10-*! 5 cm. preliminary exi)eriments showed the 
presence of protons due to the transmutation of fluorine, but it was necessary 
to use very thin targets in order to separate them from the strong contami¬ 
nation group at 16 cm. Curves 1 and 2 of figure 3 give the results for the 
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range interval 8-20 cm. in the case of BaF^ and SrFj, while curve 3 gives 
the results obtained from a target of BaCl^ under tlie same conditions. It 
will be noticed that whereas only the 10 and 16 cm. contamination groups 
due to the transmutation of oxygen and carbon are present in the latter 
case, a group of mean range 13 cm. is observed from the fluoride targets 
under deuteron bombardment. There is no grouf) of mean range 11-6 cm. 
Further experiments with a number of other targets have confirmed the 
conclusion that the 13 cm. group arises from the transmutation of fluorine. 



range (cm,) 

Fioubk 3 

The range and relative intensity of the several proton groups emitted 
from fluoride targets under bombardment by deuterons of energy 
0-B X 10® eV are given in table 1. 

(ii) Carbon, nitrogen, boron. In the first experiments weak proton groups 
of range about 48 and 84 cm. were observed. The intensity of these groups 
was about 1 % of that of the 24*2 cm. group from fluoride targets (see 
table 1 ). Although it was thought that the 48 cm. group might be attri¬ 
buted to the fluorine transmutation, it was clear that the 84 cm. group could 
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not arise in this process, and must be due to the disintegration of some 
contaminant, Nitrogen and boron are known to yield protons of about 
80-90 cm. range when bombarded with deuterons, and a short experiment 
was therefore carried out with targets of potassium nitrate and borax in 
order to estimate the effect of these elements as contaminants. In this 
experiment all the known proton groups from the transmutation of nitrogen 
and boron were observed and their relative intensities were estimated. The 
groups from boron have mean ranges of 88, 59 and 33 cm. and those from 
nitrogen 84 and 20 cm., so that some of the tracks of 20 and 31 cm, range 
from fluoride targets might have been due to contamination. Considerations 
of intensity relative to the long-range group showed, however, that not 
more tljan 2 % of the 20 cm. group and 4 % of the 31 cm. group could be 
thus assigned. The 84 cm. protons from the fluoride targets were more 
probably due to nitrogen than to boron, as sjHscial precautions were taken to 
eliminate the latter element from the target box. 

Tablk 1 

Mean nuige (cm. air) 13*0 18*8 21*0 24*2 31*0 48*0 84*0 

Relative intensity 1*36 0*27 0*50 1*00 0*21 0*01 0*01 

The 48 cm, group first found with fluoride targets was also obtained from 
targets not containing fluorine. Further investigation has shown that this 
group is due to the transmutation of carbon, and figure 4 shows the results 
obtained using a thin carbon target. It is estimated that the intensity of 
this group is about 01 % of that of the 15 cm. proton group from carbon 
under deuteron bombardment. Figure 5 (plate 12) shows tracks of protons 
in the 18*8, 21 and 24*2 cm. groups. 

3. fi- AND y-RAYS 
(a) Experimental method 

For the investigation of the p- and y-radiations from ®®F the expansion 
chamber was operated at a higher pressure to improve the definition of the 
electron tracks. Air at a pressure of atm. or helium at 3-4 atm. was used 
in these investigations. The use of helium was usually preferred, since nuclear 
scattering of the electrons was then small. 

The chamber was surrounded by two large coils each consisting of 281 
turns of copper wire of 0-29 cm.* section. These coils had a mean diameter 
of 37 cm. and were arranged so that the distance between the nearer faces 
of the coils was just sufficient to allow the insertion of the mercury lamp for 
illuminating the chamber. The magnetic field produced over a considerable 



386 


J. C. Bower and W. E. Bnrcham 


volume at the cjentre of the coil system was 14-5 G/amp. exciting current. 
This current was supplied by a motor generator with a control rheostat in 
the field circuit of the generator, and currents of up to 150 amp. could be 
used. The magnetic field was switched on automatically 6 sec. before each 
expansion and switched off as soon as the expansion had been made in order 
to avoid overheating of the coils. 

Stereoscopic photographs wore taken. 



range (cm.) • 

Fiouhk 4 


(b) Results 

A short investigation of the energy of the /?-particles emitted by was 
carried out. The procedure adopted in photographing the tracks was to 
allow the deuteron beam to strike the target of BaFg for about half a minute 
and then switch off the aoc^elerating voltage immediately before making an 
expansion. This ensured that the /J-particles observed were of radioactive 
origin. 

From measurements of the curvature of 150 yJ-particle tracks it was 
found that the maximum energy in the /ff^ray spectrum was 4*8 x 10® eV, 
corresponding to the Hp value of 17,800. The loss in energy of the electron 
in traversing the windows between the target tube and the expansion 
chamber was about 0*3 x 10® eV, so that the maximum energy of the 
spectrum corrected for this absorption is 5 -lxl0 ®eV. This is in good 
agreement with the results of Crane, Delsasso, Fowler and Lauritsen. 
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The energy of the radioactive y^rays was determined by investigating the 
momentiun distribution of the recoil electrons produced by the y-rays in a 
mica radiator of surface density 120 mg./cm.®. This method has been used 
extensively by Richardson and Kurie ( 1936 ). The mica radiator was placed 
across the centre of the cloud chamber and the target was 30 cm. away on 
a line drawn perpendicularly through the centre of the radiator. A large 
lead block 10 cm. in width with a channel of dimensions 1*8 x 1*8 cm. cut 
through its centre was used to collimate the y-rays. The procedure adopted 
for taking photographs was the same as that described for the /^-ray spectrum. 
A track chosen as suitable for curvature measurements had to satisfy the 
following conditions: 

(а) The track must be sharp and visible for a length of at least 8 cm. 
As the depth of the light beam across the chamber was only 2 cm. this 
criterion excluded any track whose inclination to the horizontal exceeded 
16 ^ 

( б ) The track had to originate in the mica radiator and to emerge from it 
at an angle of not greater than 10 ^^ with the probable direction of the incident 
quantum. 

In order to avoid any bias on the part of the observer the strength of the 
magnetic field was varied over a considerable range during the experiments. 
The v alues of the field strength were not correlated with the corresponding 
curvature measurements until the latter had been completed. 

The curvature of about 400 electron tracks originating in the mica radiator 
was measured. The highest value of Hp observed was 8000 corresponding to 
an electron energy of about l-94x 10 ®eV. Assuming that an electron of 
this energy is produced when a y-ray gives up the greatest possible fraction 
of its energy in the radiator (i.e. when the electron is projected in the forward 
direction) the maximum energy of the y-rays must be about 2-2 x 10 ® eV. 
There is some evidence in the results for the existence of y-rays of lower 
energy as well, but the resolving power of the method is not sufficiently good 
to enable them to be clearly distinguished. Figure 6 (plate 12 ) shows 
tracks in helium of electrons ejected from a mica sheet of surface density 
100 mg./cm.^ by the radioactive y-radiation, 

4 . Discttssiok 
* 

The several groups of protons observed in the bombardment of fluorine 
by deuterons are most simply inteq)reted in terms of excitation levels in 
the *®F nucleus which is formed according to the reaction 

WF + *H->«'F+>H. (3) 



^ 8 .,'. '' 

Hie Telues of the energj^ releage in this teaction ealotilated fitm the observed 
proton ranges are 4*8, 3*6, 3*3, 2*95 and 2*4 x 10* eV. 

Assuming that the value 4*3 x 10® eV corresponds to the formation of 
the nucleus *®F in the ground state, we obtain a value of 20*0063 for the mass 
of this isotope. The other values of the energy release must then be attri¬ 
buted to excitation levels in the nucleus at energies 0*7, 1*0, 1*35 and 
1*9 X 10® eV above the ground state. From this value for the mass of ®®F 
we deduce that the energy release in the transition 

(4) 

should be 7*0 x 10® eV., while the value for this energy release obtained from 
the sum of the upj^r energy limit of the /5-ray spectrum and the energy of 
the radioactive y-ray is 7*4 ± 0*5 x 10® eV. This tends to support the vipw 
that the ®®F~®®Ne transition is a simple transition from the ground state of 
to an excited state of ^Ne at 2*2 x 10® eV above the ground state, a 
y-ray quantum of 2*2 x 10® eV being subsequently emitted. 

The proposal of Bethe, Hoyle and Peierls, on the assumption that a /?-ray 
transition can take place from ^F directly to the ground state of ®®Ne, 
requires the mass of *®F to be 20*0044. Substitution of this mass in equation 
(3) shows that a proton group of range 44 cm. might be expected in this 
bombardment corresponding to the formation of ’^F in the ground state. 
A weak group of about this range would be difficult to detect owing to the 
presence of the carbon contamination group of range 48 cm. No evidence 
of the emission of a group of this range in the transmutation of fluorine could 
be obtained, and it therefore seems that no support can be derived from these 
experiments for the interpretation of the ^F spectrum given by Bethe, 
Hoyle and Peierls. The application of the ideas of these authors to the case 
of ^®B, in which the emission of a 5 x 10® eV y-ray was predicted, was also 
tested in a later series of experiments, but no such y-ray was observed, and 
it seems that in this case also the theory does not apply. On the basis of the 
data at present available it is possible to adapt the theory of Bethe, Hoyle 
and Peierls to the case of fluorine in two ways; 

(a) By assuming that the mass of ^F is really 20*0044 and that the proton 
group of 44 cm. which would be expected according to reaction (3) to 
correspond to the formation of ®®F in its ground state is either emitted with 
very low intensity, or is completely forbidden. In the latter case a proton of 
lower energy would be emitted, leaving the ®®F nucleus in an excited stat^, 
from which a y-ray would be emitted before the decay. On this view the 
excitation levels of ®®F would be at energies 1*8,2*5,2*8,3*15 and 3*7 x 10® eV 
above the ground state. An investigation of the y-ray emismon during 
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(6) By assuming that the nucleus formed ux the ground state by ^ 
emission of a 31 cm. proton transforms into *'*Ne by a ySl process mvolTing 
two excited levels of the latter nucleus separated by 2*2 x 10* eV. If the 
lower level were about 1-8 x 10* eV above the ground state the energy 
relations would be satisfied. This interpretation would require the radio¬ 
active y-rays to be inhomogeneous, which is not inconsistent with the 
experimental data. Coincidence experiments on the radioactive y-rays 
would test this h 5 rpothe 8 i 8 . 

It may be noted that whatever interpretation of the process is adopted, 
it is assumed that the radioactive y-ray comes from the *®Ne nucleus. It 
is therefore of interest to survey other evidence for the values of the ex¬ 
citation energies of this nucleus. The most reliable data at present available 
in this connexion have been obtained from a study of the reaction 


«F + *H->.»Ne-H%. 


( 8 ) 


The energy of the neutron groups has recently been determined by Bonner, 
who gives the lower excitation levels of the **Ne nucleus as 1'6, 3'9, 6-3 and 
7'8 X 10* eV above the ground state. It is difficult to relate the radioactive 
y-ray of energy 2-2 x 10* eV to a transition from any of these levels to the 
ground state, but it is possible that it may arise in the way suggested in (b) 
above by a transition between the 1-6 and 3‘9x 10* eV levels. A direct 
transition from the 3'9 x 10* eV level to the ground state would on this view 
have to be forbidden, and there would also have to be a 1-6 x 10* eV radio¬ 
active y-ray of rather greater intensity than the 2-2 x 10* eV radiation. 
The overall energy release between the ground state of “F and the ground 
state of **Ne would be equal to the sum of the jS-ray end-point energy 
together with the energy of the 1 -6 x 10* eV y-ray, i.e. 6*8 x 10* eV, which ie 
in fair agreement with the figure of 7*0 x 10* eV calculated on the assumption 
that the 31 cm. proton group corresponds to the formation of **F in the 
ground state. Figure 7 sliows how the various possible mechanisms for the 
“F-^Ne transition are related to the known excitation levels of “Ne. In 
this figure the base-line is taken to represent the energy of the **Ne nucleus 
in its ground state, and the known excitation levels of this nucleus are 
drewn at the appropriate distances from this line. The **F nucleus of mass 
20*^63 formed by the emission of a 31 cm. proton is represen/^d by a line 
at 7 X 10* eV above the ground state of *®Ne. Diagram 1 then represents a 
|dinple /? transition from “F followed by a y-ray from a new 2*2 x 10* eV 
Wyal in .^Ne; diagram 2 represents the process described in (a) above and 
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diagram 3 that described in (6). It is felt that this last picture is at present 
the most satisfactory, but it is of course possible that further work on the 
analysis of the neutron spectrum arising from reaction (5) may modify 
these hypotheses* 

The discovery of the high-energy proton groups from fluorine is also of 
interest from the point of view of the correlation between the number of 
protons emitted and the amount of radioactive fluorine produced. The 
earlier observations of Burcham and Smith showed that the proton group 
between 10 and 15 cm. range was not sufficiently intense to account for the 
observed radioactivity, but the discrepancy is accounted for by the presence 
of the long-range groups. 



I n in 

Figure 7 


The 48 cm. group of protons observed from carbon targets under deuteron 
bombardment can be attributed to the transmutation 

The value of the total energy release deduced from the observed proton 
range is 6-1 x 10® eV, and that calculated from the mass values is 6- 3 x 10®eV. 

We wish to thank Mr P. I. Dee and Dr C. W. Gilbert for their interest and 
advice during the course of this work. 

SUMMAEY 

The emission of protons from fluorine imder bombardment by deuterone 
of 0'8 X 10® eV energy has been studied by means of an expansion chamber. 
Five groups of protons of ranges 13*0, 18»8, 21-0, 24-2 and 31*0 cm. have 
been found, and from the energy values of these groups it is concluded that 
excitation levels at 0*7, 1*0, 1*36 and 1*9 x 10® eV above the ground state 
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exifit in the radioactive nucleus. From the energy of the 31 cm. group a 
value of 20-0063 is deduced for the mass of radioactive ®®F. An energy release 
of 7*0 X 10* eV is therefore to be expected in the decay of *®F to ®®Ne, and 
the disagreement between this value and the observed )9-ray end-point of 
6*2 X 10® eV has been partially reconciled by the observation that a radio¬ 
active emission of y-rays of 2-2 x 10®^V energy accompanies the emission. 
The origin of this y-radiation is discussed in terms of the level system of 
®®Ne. It is shown that the experimental results do not support the original 
theory of Bethe, Hoyle and Peierls concerning the complexity of the /?-ray 
spectrum of ®®F. 

A new transmutation of the carbon isotope by deuterons has been 
detected. 
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The /3-radiations of uranium X, and uranium Xj 
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Introdtjction 

Recent work on the and y-spectra of various radioactive elements 
has indicated the need for further study of the radiation from the uranium 
X bodies, in order to elucidate a number of points about which at present 
there is insufficient information. There are two general problems toward 
the solution of which improved data for the case of U X should prove 
useful. One is the question of the form of the energy spectra, and this 
implies a decision regarding the possible complexity of the spectra. The 
other is the relation between disintegration energies and rates of decay. 
In the original Sargent diagram, the logarithms of the end-points were 



392 


J, S, Marshall 


plotted against the logarithms of the transformation constants* It was 
then seen that the points on this diagram fell about two simple curves. 
Although considerations are still generally based on these curves as the 
loci of all points, it seems possible that this is an over-simplification of the 
matter. 

Apart from these general problems, the question of the |)os 8 ible emission 
of nuclear y-radiation in the U Xjj disintegration (as evidenced, perhaps, 
by the presence of a number of weak lines in the /J-ray spectrum of the 
body) has s|>ecial relevance to recent suggestions regarding the isomerism 
of the nuclei U Xg and U Z. The present paper describes attempts which 
have been made to obtain further evidence on all these questions. 

Part I. A cloud chambkr experiment to investigate 

THE U Xj /?-RAYS 
Previous work 

The chief source of information about the U X^ /^-rays is in the absorp¬ 
tion curves for U X of Levin { 1907 ), Schmidt ( 1909 ), and Pajans and 
Gohring ( 1913 ). These allow considerable latitude in interpretation; the 
U Xi range may be estimated so as to give, on applying a range/momentum 
relation (Marshall and Ward 1937 ), an end-point anywhere between 
Hp 1400 and 1850 (150 and 240 keV). Absorption coefficients found for the 
soft U Xj radiation were about 500 cm.“^ (Al), which by an empirical 
relation of Clialmers ( 1932 ) gives an end-point of Hp 1640 (200 keV). 

Lecoin ( 1938 ), using a thin U X source in a cloud chamber, found no 
TJ Xj peak in his distribution, and so concluded that the end-point was 
below 100 keV (Hp 1115). 

The experimental arrangement 

Photographs have been taken of the tracks of y?-rays from a U X source, 
in a cloud chamber containing hydrogen (sometimes helium) at atmospheric 
pressure, with ethyl alcohol vapour, in a magnetic field of 260 G,. The active 
material was suspended in a thin cellulose film at the centre of the chamber. 
The use of gases of low atomic number made possible measurements of 
curvature down to the low value of Hp 660 (36 keV). From this value 
down to Hp 480 (20 keV) the energies of the /?-ray 8 were determined from 
the lengths of their tracks. 

The cloud chamber was of the radial expansion type, copied from one 
designed by C. T. R. Wilson and J, G. Wilson ( 1935 ). Both flat sides of 
the chamber were of glass, so tliat the illuminating beam could traverse the 
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ohamber at a fairly small angle (about 25°) to the direction of the cameras. 
Mains-operated mercury discharge lamps of a type devised by Dee and 
Gilbert were used. One camera was along the (vertical) axis of the chamber, 
and the other at 10 ° to it. Ijenses of F 10 cm. were used at //5*6, with a 
magnification of 1/4. The magnetic field was provided by Helmholtz coils. 
There was no shutter for the / 6 f-rays, since the source was inside the 
chamber, so a strong electric clearing field was used—about 1500 V across 
the 8 cm. depth of the chamber. This was applied for only 0*1 sec. before 
the expansion, and was switched off before the chamber became sensitive. 

The U X was contained in an iron chloride preparation. The first source 
was made by evaporating this preparation on tissue paper, and a sheet of 
this, 1x3 cm., was mounted on a light frame of glass rod of diameter about 
0»1 mm., which was fixed in the centre of the chamber, along the axis. 
The paper weighed 2 mg./cm.*, and this thickness was increased to 
5±1 mg./cm.* by the active material; the effective thickness was even 
greater than this, due to the crystallization of the iron chloride. 500 tracks 
were measured, but it was found that most of the U Xj /?-rays were being 
absorbed, so a lighter form of source was adopted. 

For the lighter sources, the iron chloride was finely powdered and 
suspended in a thin film of cellulose acetate, which was motmted in the 
same manner as the tissue paper. The grains of the powder ranged in size 
up to 0 d )2 mm. diameter; averaging over the material present, the mean 
diameter was about 0 002 mm. Prom this, the average thickness through 
which /?-rays would have to travel to emerge was about 0-3 mg./cm.*. 
According to Schonland ( 1925 ), this is the range in foil of /J-rays of energy 
11 keV (Hp 360). The thickness of the cellulose films used was smaller, in 
g./cm.*, than the average thickness of the grains. With each source, about 
five tracks per expansion were recorded. 

Combirmtioifi of range and curvature measurements 

There are two ways of determining the energy of an electron from its 
track in a cloud chamber—there is the measurement of curvature of the 
track (in a magnetic field), which gives the momentum, and the measure¬ 
ment of the length of the track, the relation of this length to the energy 
being known. Curvature measurements yield reliable information only at 
high energies, where sudden deflexions of the track are few; range measure¬ 
ments are possible only at low energies, where the range is rather less than 
the dimensions of the chamber. Clearly, the gas employed in the cloud 
ohamber has an important bearing on the practicability of these two 
methods. 
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The minimum energy measurable by curvature varies as the atomic 
number of the gas—the energy of the scattered rays and the atomic number 
of the Bcatterer enter into the scattering formulae in inverse powers, so 
that the limiting amount of scattering which will just prevent curvature 
measurements being ma<le will occur for a certain value of Zjmv^. Taking 
a maximum measurable range, on the other hand, the corresponding 
maximum energy varies approximately as the square root of the atomic 
number. It was found in a preliminary experiment that in using argon a 
gap was left between the lowest energy for which curvature measurement 
was possible and the highest energy for which measurement of range could 
be made. In agreement with the above argument, however, it was found 
that in hydrogen and helium the two limits could be brought together, 
leaving no gap. Measurements of length could be made consistently up 
to 12 cm., which is the range for energy 36 keV (Hp 650). This value is at 
the same time a safe lower limit for the region of energies for which cur¬ 
vature measurements could be made. A few tracks were measured by both 
means, with satisfactory agreement. 

When these light gases were used, some special points arose for con¬ 
sideration. Just because the scattering was low enough for quite good 
circular tracks to be produced dowm to low energies, tracks of such small 
radius that they did not strike the wall of the chamber tended to return 
to the source two or three times. Some doubt then arose as to how many 
tracks were actually present, and the centre of the picture was unneces¬ 
sarily complicated. To get rid of these troubles, a weaker magnetic field 
was used (260 G), such that tracks of small enough radius to remain in 
the chamber were also of reasonably short range. The theoretically derived 
trajectory for the fastest )ff-ray that would not reach the wall of the 
chamber is shown in figure 1 . 

While hydrogen was the obvious gas for the work to be described, 
possessing the smallest atomic number, tlie high rate of fall of the drops 
in it created technical difficulties. For this reason, helium, which has much 
greater viscosity, was used in some of the work. The amount of scattering 
when helium was used was only slightly greater than with hydrogen, 
since in either case most of the scattering was due to the vapour of the 
condensant. 

For the derivation of energies from ranges, there is the relation estab¬ 
lished by Nuttall and Williams ( 1926 ), 


R 


0*0284 

N 
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where R is the range (cm.), E the energy (keV), and N is the average 
number of electrons per molecule; for a mixture of hydrogen and alcohol 
vapour the value of N was 3. Williams ( 1931 ) found that £ increases less 
rapidly with E, and suggested the index 1*82 in the case of oxygen. In 
neither case were measurements made for energies greater than 27 keV. 
At greater energies, Schonland's ( 1925 ) ranges in foils are all that are 
available. The foil range tends to be appreciably less than the average 
length of track (Williams 1931 ). By assuming a constant ratio of foil range 
to length of track, the following modification of the formula for R has been 
obtained: 


0- 0348 / E Y 


jE?<80keV. 


At 20 keV, the value of R is the same as that given by Nuttall and Williams’s 
relation; at 40 keV it is 15% loss. 



FiaOHis 1. Calculated trajectory of a fi-r&y of energy 69 keV {Hp 910); magnetic 
field 260 G; average number of electrons per molecule of gas = 3. Cross markings 
indicate tens of electron kilovolts. 

Reprqjection and measurement 

Stereoscopic pairs of photographs were reprojected from the cameras 
on to a translucent screen, which w^as parallel to the common focal plane 
and could be moved normally to it. By noting the positions of the screen 
for which the pairs of images of points along a track coincided, an ortho¬ 
gonal projection of the track could be traced on this screen, and contour 
markings made along the tracing, so that the track was completely 
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described in three dimensions* Prom this contoured tracing, the totri 
length even of a tortuous track could be deduced readily. 

For measurements of curvature, it was fo\ind that better work could be 
done on the reprojection of a photograph than on a tracing. So the screen 
was set at the mean depth of the track; the projection from the axial 
camera was then very nearly the same as the orthogonal projection of the 
track—so nearly that no difference could be observed in the curvature 
measurement. Standard circles were tlien fitted to the image on the 
screen. For radii of less than 10 cm., measurement could be made in 
general to 0*5 cm.; a few estimates were obviously better or poorer than 
that. A stereoscopic tracing was made of each curvature-measured track, 
to help detect any deflexions and to determine the angle of the track to 
the magnetic field. From this angle a curvature corrected for obliquity 
was obtained. The corrected radius of curvature, expressed in cm., is 
represented by />. 

The tracks were tabulated in radius (p) groups of ^ cm. width, the range- 
measured tracks being added in, and the mean p of each group determined. 
The number of tracks in a group was then shared between the limits of 
that group according to the mean p of the group. Thus, if there were 15 
tracks with 10 < p < 10*5 (cm.), and if the mean value of p for these tracks 
0*3 

was 10‘2, then — x 15 = 9 of these tracks were recorded as p 10, and 
0*2 

X 15 = 6 were recorded as p 10*5. No attempt was made to measure 

the curvature of tracks of p>20, but the number of such tracks was 
recorded. 

The only criteria adopted for the selection of a track were that it should 
be obvious that the track came from the source (and so at any rate began 
in good focus), and that for a p-measured track a length of 5 cm. should be 
visible—tHat is, a length sufficient for a reasonable measurement of cur¬ 
vature. Very old tracks were rejected. 

Results 

500 tracks of y?-ray8 from the tissue-paper mounting were measured, 
and 622 of rays from the thinner cellulose films. Of the latter, 220 were a 
special set, of p>3‘5 cm. only, taken to increase the accuracy in this 
region of lower intensity. Values from this set were added in only down to 
p = 4*5 cm., and below this the totals were multiplied by 1*95. In figure 2, 
the distributions with thick and thin soxirce moimtings are given by the 
dotted line and full line histograms, while the smooth curve gives the 
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distribution obtained using a magnetic spectrometer (Part II) with a 
source of thickness about the same as that of the tissue-paper one. Taken 
by itself, the thick-source distribution indicates the extent along the 
momentum scale of the U Xj tail just about as well as does the thin-souroe 
distribution. But it is seen to have relatively very few U Xj yff-rays. The 
thin-souree distribution gives an apparent end-point at 1950 ±130 

(265 ± 30 keV). This, however, is only the point of minimum intensity in 
the momentum distribution, between the U Xj and U Xg maxima, and 
there may be some U Xj fi-raya of greater momentum. 



No account has been taken yet of the variation with energy of the 
efficiency of registration of the cloud chamber. This may be tested by 
comparing the numbers of tracks observed above and below the U Xj 
end-point. From the experimental distribution, it seems safe to assume 
that most of the U X^ fi-raya have momentum less than Hp 1900 (254 keV). 
From magnetic spectrometer measurements (Part II), one finds that about 
17 % of the U X, /?-rays also have momentum less than this value. There¬ 
fore one would expect that 

Number of /g-rays below Hp 1900 1 00-f 17 _ -j,-o/ 

Total numl^ for U Xj and U X, * 200 ~ 


VoU I7S. A. 


l6 
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In the cloud chamber measurements, the value for this mtio works out 
to 66*6 %. This is not very bad disagreement, but experimental limitations 
have prevented the observation of fi-mys below Up 400 (14 keV). Com¬ 
pleting the distribution to zero momentum would increase considerably 
the number below Up 1900. Such excess intensity at low energies caxmot 
be explained by reflexion from the source mounting, since the mounting 
was a thin film, and /ff-rays emerging on either side were recorded. So it 
would appear that one has observed a greater proportion of the tracks 
of the slower yj-rays than of those of liigher energy. The correct distribution 
of )J-ray intensity, it would seem, would be one in which the ordinates 
bear a ratio to the experimental values decreasing for decreasing momen¬ 
tum, such that, extrapolating to zero momentum, the area below Up 1900 
is about 60% of the total area (total intensity). 

An attempt has been made to estimate the form of the corrected dis¬ 
tribution, by combining the idea outlined above~that when extrapolated 
to zero momentum the distribution would have 60% of its area below 
Hp 1900—with the reasonable assumption that the sensitivity is a function 
of the primary ionization per cm. of track, which determines the number of 
drops condensing per cm. The primary ionization has l>een estimated by 
Williams and Terroux ( 1930 ), who have derived for hydrogen the empirical 
relation 

The application of a sensitivity correction which assumed proportionality 
between sensitivity and primary ionization was found to reduce the U Xj 
intensity much too drastically. The assumption of sensitivity proportional 
to the square root of the primary ionization, however, resulted in a dis¬ 
tribution which, with any likely extrapolation to zero momentum, gave 
the desired ratio of areas below and above Hp 1900. The distribution 
corrected in this way is given by the broken line histogram in figtire 3. 
H. O. W. Richardson and Leigh-Smith ( 1937 ), in cloud chamber work in 
the same region of energies, but with quite different geometry, have 
made sensitivity corrections by personal judgement of individual cases. 
Their correction factors are much the same as those of this paragraph. 

One turns now to the problem of proposing a distribution of the U 
y^-rays which will be in agreement with the experimental results; that is, 
which differs from the experimental (thin-source) distribution in accordance 
with the sensitivity correction propounded above, or differs in some other 
reasonable way, to result in a distribution giving the correct total in¬ 
tensity. It has been tried, and found impossible, to derive a simple 
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spectrum of either Fermi or Konopineki-Uhlenbeck type which can be 
related simply to the experimental distribution. There is another indication, 
however, that the U Xj distribution consists of partial spectra. If the 
spectrum is simple, its end-point is not less than Hp 1800 (230 keV), 
which puts the point on the Sargent diagram well out between the first and 
second lines (figure 4). Therefore, various pairs of partial spectra have been 
tried; the most satisfactory pair is shown in figure 3: Fermi curves with 
end-points at 130 and 300 keV (Hp 1300 and 2100), with areas in the ratio 
4 to 5. The total area is correct as specified above—area below Hp 1900 
= 60% of the total—and the curve agrees quite well with the data as 
modified by the suggested sensitivity correction. 



Disctcesion 

The partial spectra adopted in the preceding section, as providing the 
most satisfactory agreement with the experimental results, are repre¬ 
sented on the Sargent diagram in figure 4.* While one point falls near the 
'^allowed'' curve, the other is well out between the two curves. Such a 

* The Sargent diagram is given in figure 4 in tlie form evolved by Feather end 
Bretscher (1938); the closed curves indicate the degree of uncertainty, not sym- 
metrically distributed around the “accepted** points, attaching to the data. In¬ 
cidentally, apart from the addition of new data on XJ Xj and U Xj, it has also been 
possible to mark in new data for Ac B (Sargent 1939). 


#6-1 
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location on the diaigram for a point representing an alternative mode of 
disintegration is not without precedent. On the other hand*, the idea Of 
partial spectra was suggested by the shape of the experimental dis¬ 
tribution, on the assumption that the form of specta'a of low energy 
resembles that given by theory, although it is only at higher energies that 
the theory has been found to give some satisfaction. 


Jogio A’o 



The idea of partial spectra meets with a serious obstacle in the absence 
of any y-ray (or internal conversion electron) which would balance the 
energy released in the two modes of disintegration. As an alternative to 
such a y-transition, the U Xj /^-disintegration might occur from the excited 
as well as from the ground state. This would introduce a complexity into 
the U Xj fi-ray distribution, but for a difference of 170 heV between the 
end-points the dissimilarity from a simple distribution would be appreci¬ 
able only near the upper limit; it would not have been noticed in the 
experiment of Part II. Similarly, a complex decay curve for U Xj mi^t 
be expected, with two slightly different periods, but this also might have 
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passed uxmotioed. Thus the suggestion is not in disagreement with any 
available data; however, such a scheme of transition would be quite 
unusual. 

Part II. The U Xj distribution with a magnetic spectrometer 

Previous work 

Previous work on the y?-rays emitted by U Xg includes absorption 
measurements by Sargent ( 1933 ) and Feather ( 1938 a), a determination of 
the end-point by Ward and Gray ( 1937 ) using a magrjotic spectrometer, and 
a cloud chamber analysis by Lecoin ( 1938 ). The end-point values deduced 
from the absorption measurements are in agreement with the sfDectrometer 
determination (Hp 9300; 2*32 MeV). Feather’s analysis of his absorption 
curve ( 19386 ) indicated a deficiency of lower energy electrons as compared 
with the radium E distribution. 

In the present experiment, the apparatus used by Ward and Gray has 
been modified somewhat to reduce absorption, and has been employed 
with a source of greater purity to investigate the shape of the distribution 
from Hp 2000 (280 keV) up to Hp 8600 (2090 keV). This region extends 
from the U X^ region studied by the writer with a cloud chamber (Part I) 
to that of the U X 2 end-point investigated by Ward and Gray. 

Experimental arrangement 

The magnetic spectrometer used consisted of an evacuated brass box 
22x14x4 cm., lined with cardboard, placed between the poles of an 
electromagnet. The spectrometer was designed for a radius of curvature of 
about 7 cm.; it was furnished with two slits only, of duralumin—one at 
40*^, to define the beam, and one at 140®, with an opening rather wider than 
the beam, to cut off scattered radiation. Both slits limited the beam to a 
width of 1 cm. in the direction of the field. In the ‘'focal plane” of the 
spectrometer there was a rectangular opening 13 mm. across the field and 
of lengths 10 and 6 mm. for the two sets of measurements. >ff-rays passing 
through this opening fell on a grid of 1/16 in. circular holes, out in 1/16 in. 
brass and covered with a film of cellulose acetate of thickness 0-6 mg./cm.*. 
Thk formed the window of a cylindrical steel ionization chamber, of 14 cm, 
inner diameter and 13 cm. depth, filled with carbon dioxide at atmospheric 
pressure. Ionization currents were measured by an electrometer valve 
(Pliotron PP-64) and could be measured accurately to 2 x amp. 

The best adjustment of the slits and the distribution with curvature of 
the beam were determined by entirely graphical procedure. In this, the 
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magnetic focusing of the ^-rays was considered as a two-dimennonal 
problem, in a plane normal to the magnetic field. Actually, rays mnitted 
at angles as great as 3-7° to this plane are included in the beam; the average 
range of obliquity is about 3 4°, for all radii of curvature which are in¬ 
cluded. The calculated shape of the beam for the two settings which were 
used is shown in figure 6. The intensity is given by the angular spread in the 
plane, and should be multiplied by 3-4 x 7 r*/ 180 * to give the solid angle. 



p (cm.) 
Fiqube 6 


The strength of the magnetic field was determined by balanchlg the 
impulse produced by twisting a search coil in the field against the impulse 
produced in the secondary of a mutued inductance by breaking a known 
current in the primary. The mutual inductance was standardized against 
laboratory standard condensers. The field strength was plotted over a 
cross-section of the gap. Any small deviations from uniformity that were 
found, in particular those due to the proximity of the steel ionization 
chamber, were shown, by applying Hartree’s theory ( 1923 ), to have a 
negligible effect on the focusing of ;d-rays by the apparatus. 

Two sources were used, consisting of 1 mg. (source A) and 5 mg. (source 
B) of thorium oxalate, with which the U had been precipitated. The 
thorium oxalate, in the form of a fine powder, was floated on to a thin sheet 
of mica, of area 6 x 13 mm., and superficial density 2-5 mg.jam.*. In order 
to bind the source together and make it adhere to the mica, 6 drops of 
a weak solution of cellulose acetate in amyl acetate were added. This 
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amount of solution was known to leave a solid residue weighing 1 mg. To 
hold the source in the spectrometer, a stand was made of veiy thin oard^ 
board, with a bole out in it somewhat larger than the mica sheet. The 
mica was fixed over this hole by fine glass rods. The source was at an angle 
of 30® to the mean direction of emission of the beam; its 13 mm. dimension 
was in the direction of the magnetic field, and its width along the focal 
plane of the spectrometer (i.e. normal to both field and direction of emis¬ 
sion) was 3 mm. The weight per unit area of source i4 as 3 mg./cm.®; 
source By of considerably greater intensity, was three times as heavy. 

Ccrrectim> of data 

The effect of the amount of material in the source upon the energy of ^-rays 
escaping from its surface has now to be considered. White and Millington 
( 1928 ) have derived from their measurements of retardation the distribu¬ 
tion with energy of an initially homogeneous beam after passing through 
a thin absorber. Calculations with their data show that, for source A: 

For//p 1500 (170 keV): 

50% of the transmitted beam has AHp< 100 (20 keV), 

76 % „ „ AHp < 200 (40 keV). 

For Hp 3000 (625 keV): 

65 % of the transmitted beam has AHp < 60 (13 keV), 

82% „ „ Jirp <100 (26keV). 

The distribution curves given later in the paper have not been corrected 
to take account of this effect, but it may be taken into account when 
interpreting the distributions given. 

The distribution derived by White and MiUington indicates a limit to 
AHp. But Madgwick ( 1927 ) found for similar cases that a tliin absorber 
over the source not only retards the /?-rays, but that it also actually 
reduces the intensity of the beam transmitted normally. He found that 
such reduction in intensity was proportional to the mass of the absorber. 
(Also, that it was almost independent of the atomic number of the ab¬ 
sorber.) In the present work, two sources differing in mass have been used, 
and the ratio of their masses is known approximately. By fitting the 
distributions obtained with these two sources at high momentum values, 
it has been possible to deduce approximately a distribution corrected for 
loss of intensity at the source. 

The material to be traversed by the /J-rays after leaving the source was 
made up of the residual gas in the chamber, of thickness to the beam less 
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than 0*1 mg./om*®, and the window of the ionization ohambet, of thickness 
0‘5 mg./cm.®. To compare with these values, the distribution curve for the 
first source cut the momentum axis at about Hp 500, for which Schonland 
( 1925 ) quotes a range of 1 mg./cm.® ( 0*6 mg./cm.® is his range value for 
Hp 450). 

The distribution had to be corrected throughout for the variation with 
momentum of the sensitivity of the ionization chamber. The relative ioniza¬ 
tion per /?-ray for varying momentum has been plotted by Sargent ( 1932 ) 
from measurements by W. Wilson ( 1911 ) and by Chadwick ( 1914 ), and hie 
curve has been applied here. For the relative sensitivities at Hp 2000 , 4000, 
6000, 8000, this curve gives the values 100 , 67, 56, 51, The conditions 
under which the measurements used by Sargent were obtained were not 
identical with those of the present experiment, but this curve would seem 
to be the best available. It has not, however, been applied below Hp 1600 
(190 koV); below that value, the change in energy of a /J-ray as it passes 
through the chamber becomes too great, and complications arise. 

Finally, the experimental results were divided by Hp as a resolution 
correction, to give the true distribution of number with momentum. 

Results 

The distributions with momentum are shown in figure 6 ; curve ''a** was 
obtained with source (previously described) and resolution 

(figure 5); for the stronger, thicker source was used, with the 
higher resolution '‘5”. Curve ‘‘c” is the distribution corrected for loss of 
intensity at the source, as discussed in the previous section. The measure¬ 
ments of the present experiment extend up to //p 8500 (2090 keV), 
Beyond that, the curve is interpolated to the end-point of Hp 9300 
(2320 keV) determined by Ward and Gray ( 1937 ) using the same spectro¬ 
meter and a heavier and more heavily mounted source. 

A ;ff-ray line is apparent at Hp 3600 (686 keV), with an intensity 0-0032* 
0*0040 times that of the U Xg disintegration electrons. There may be a 
second line, of anything up to 0*2 times the intensity of the first, at 
Hp 3900 (765 keV). The peak of the continuous spectrum comes at this 
momentum value, however, and makes interpretation difficult. These lines 
would seem to be the two stronger lines of those recorded by Meitner 
( 1933 ), although there is a discrepancy of almost 6 % in the momentum 
values.* 

• The author is indebted to Miss Meitner for a discussion of her results, which, 
while listed in a general article in the Handbueh der Fhystk, have not been published 
otherwise. 
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K.U. and Fermi plots of the distribution have been made (figure 7), and 
the K.U. and Fermi distributions indicated by these have been drawn for 
comparison with the experimental results (on an energy diagram) in 
figure 8. The Fermi curve to end-point 2280 keV (curve “c”) is a much 
better fit to the experimental distribution (curve “a”) than is the K.U. 
curve (“6 ”); in fact, it is a very good one above Hp 5000 (1076 keV). The 
presence of the 686 keV yff-ray line indicates that there is a y-ray of energy 
802 keV, so a minor partial spectrum may be expected with end-point 
802 keV below that of the main spectrum. The relative probability of this 
less energetic disintegration as deduced from the “allowed” curve of the 



energy (MeV) 
Figubb 7 


Sargent diagram is 20% of the total. On the other hand, absorption 
measurements of the intensity of this y-ray by J. A. Gray indicate a value 
of not more than about 0*05 quantum per disintegration.* So a second Fermi 
curve with area 0-05 times that of the first has been added, with its end¬ 
point at 1600 keV (Zip 6400) (curve “d”). This brings the theoretical 
distribution somewhat closer to the experimentsJ in the region below 
Hp 6000 (1076 keV). An intensity of 6% has also been taken when repre¬ 
senting the minor partial spectrum on the Sargent diagram (figure 4). The 

* The writer wishes to thank Professor Gray for his results, which are at present 
vmpublidied. PreviouB investigations of the y-rays of U X, made with some doubt 
as to whether a homogeneous radiation was involved, are less relevant. 
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point marked by Feather and Bretscher for the total distribution has been 
left unaltered to represent the major purtial spectrum. * 

Below Hp 3000 (625 keV), the distribution curve is clearly open to too 
great adjustments to bear as close analysis. The correction for absorption 
at the source and the sensitivity curve of the ionization chamber are both 
open to some doubt for /J-rays of smaller momentum. It may be, however, 
that a partial spectrum of U extends well up toward that value. 



energy (keV) 
Fiotras 6 


Below Hp 2000 (280 keV), more reliance should be placed in the cloud 
chamber experiment (Part I). The spectrometer distribution in this region 
differs a good deal from the cloud chamber distribution with a thinner 
source, but is similar to that obtained with the cloud chamber with a 
source of similar thickness. The comparison may be made in figure 2, Part 1. 
It will be remembered that the thick source used in the cloud chamber had 
the added disadvantage that the material had crystallized, increasing its 
effective average thickness. But distortion of the same sort is apparent 
in both oases where the thicker soiu'oes were used. 

Discussion 

The distribution that has been found for the U Xg ^-rays is quite dis¬ 
similar to that given by the Konopinski-Uhlenbeck theory; on the other 
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hand, above Hp 5000 (1075 keV) it agrees well with a Fermi curve. The 
presence of a )?-ray line indicates a complex continuous spectrum. The 
partial spectrum corresponding to the line (end-point 1*5 MeV) has been 
calculated on the Fermi theory, and given an intensity of 5 %, the value 
indicated by y-ray measurements. The Sargent point for this minor partial 
spectrum then falls somewhat below the curve for allowed transitions. 

The intensity of the ^-ray line has been found to be between 0*0032 and 
0*0040 per disintegration. Comparing this with the value of 5% taken for 
the intensity of the y-ray, an internal conversion coefficient of 0*07 is 
obtained. For comparison, there are the following theoretical values 


(for Z ^ M): 

Electric dipole (Hulme 1932 ) 0*0032 

,, quadripole (Taylor and Mott 1932 ) 0*0098 

Magnetic dipole (Fisk and Taylor 1934 ) 0*044 

,, quadripole (Fisk and Taylor 1934 ) 0*088 


The only values m this list comparable with that obtained here are those 
for magnetic radiation. 

Concerning tlie energy of the y-ray discovered in the present investiga¬ 
tion, it may be noted that it agrees sufficiently well with the energy of one 
of the y-rays of U Z, according to Feather and Bretscher ( 1938 ). This 
constitutes added evidence for the isomerism of the nuclei U and TJ Z, 
since, if it is possible for the same y-ray to be emitted, the same residual 
nucleus obviously results from the yff-disintegration in each case. 

The work of Part I was done during the tenure of an Exhibition of 1851 
Overseas Scholarship; the experimental work of Part II was done at 
Queen's University, Kingston, Canada, by kind permission of Professor 
J. A. Gray; the paper has been prepared while holding a Research Fellow¬ 
ship from the Royal Society of Canada. The active material for the cloud 
chamber work was provided by Dr N, Feather. Dr H. M. Cave very 
kindly prepared sources of exceptional strength and purity for use in the 
spectrometer. 

The writer gratefully acknowledges Dr Feather's advice and encourage¬ 
ment. 


StTMMABY 

The distribution with momentum of the yff-rays of U X has been in¬ 
vestigated, first using a cloud chamber with particular regard to momentum 
values below Hp 2000 (280 keV), and then using a magnetic spectrometer 
to determine the distribution above that value. 
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Evidence has been obtained that the /?-rays of U extend at least to 
Hp 1950 (265 keV). This value taken as an end-point gives a point on the 
Sargent diagram well to the right of the curve of allowed transitions. This 
fact suggests interpretation in terms of partial spectra, an interpretation 
to which the shape of the cloud chamber distribution is amenable. Fermi 
distributions with end-points at 130 and 300 keV {Up 1300 and 2100 ) and 
areas in the ratio 4 to 5 have been fitted. 

The spectrometer measurements have revealed a y?-ray line at Hp 3600 
(686 keV), intensity 0*0036 + 0*0004 per disintegration, indicating the 
presence of a y-ray of energy 802 keV. From unpublished measurements 
by J. A. Gray, the intensity of this y-ray has been taken tentatively as 
0*05 quantum per disintegration. With this supporting evidence, the con¬ 
tinuous distribution for the U Xg /S-rays is interpreted, above Hp 3000 
(526 keV), as formed by two partial spectra of the Fermi type, one con¬ 
taining about 96% of the intensity and extending to Hp 9300 (2*32 MeV) 
(this value being taken from Ward and Gray 1937 ), and the other with 
about 5% of the total intensity, extending to Hp 6550 (1*62 MeV). The 
y-ray intensity and the strength of the /?-ray line give an internal con¬ 
version coefficient for the y-ray of about 0*07. 

The energy of the y-ray agrees sufficiently well with the energy of one 
of the y-rays of U Z, according to Feather and Bretscher ( 1938 ). This 
constitutes added evidence for the isomerism of the nuclei U Xg and U Z. 
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Experiments on the transmutation of sodium 
by deuterons 

By Miss E. B. M. Mtjbkell, B.A., Neumham CoUege, Cambridge 
AND C. L. Smith, Ph.D., Sidney Smaex College, Cambridge 

(Communicated by J. D. Cockcroft, F.B.8.—Received 26 August 1939) 

1. Inteoddotion 

The transmutations of sodium under bombardment with high speed 
particles have previously been studied in considerably less detail than have 
those of elements of lower atomic number. In an early paper Lawrence ( 1934 ) 
reported that the bombardment of sodium with deuterons led to the forma¬ 
tion of a radioactive body of half life 15 hr. By chemical means it was shown 
that this body was an isotope of sodium and its formation was attributed to 
the process 

«Na-(-*H->»‘Na-hiH. (1) 

The energy distribution of the protons emitted in this reaction was also 
investigated by Lawrence ( 1935 ). He found that bombardment of sodium 
targets with deuterons of energy 2*16x 10 *eV led to the emission of two 
groups of protons with ranges 49 ± 2 cm. and 17 ± 1 cm. respectively. The 
emission of a group of alpha-particles of range 6'5 ±.0-3 cm. was also reported 
and was attributed to the following transmutation: 

»Na 4 -»H-)-«Ne-l-*He. (2) 

From these observations the masses of both *^Na and *’Na were calculated 
and found to be 24‘000 ± O'OOS and 22*992 ± 0*001 respectively. 
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Th© above investigation was admittedly only preliminary, In the absenoe 
of aoourate mass speotrographic measurements of the masses of any of the 
atoms lying between **Ne and in the periodic table it is important that 
the energy release in each of the reactions (I) and ( 2 ) be known accurately in 
order to establish reliable values for the nuclear masses in tliis region. The 
work described here forms a more detailed investigation of the above 
reactions and the atomic masses deduced from our observations are believed 
to be accurate to within 0*0003 mass unit. The distribution in range of both 
the alpha-particle and proton emission has been found to be much more 
complicated than was previously supposed and from measurements of the 
ranges of the various groups of particles the energies of several levels of 
excitation of the nuclei ^^Ne and *^Na have been determined. 

2. Expeeimental method 

The targets were deposited upon gold plated copper disks about one square 
centimetre in area by condensation of the vapour of one of the pure sodium 
halides. The particles emitted from the bombarded target emerged from the 
vacuum through two mica windows mounted upon collimating tubes, the 
axes of which were at right angles both to the path of the incident beam and 
to each other. The angular spread of the emerging particles was about 10 °. 
In order to obtain number-range curves for these particles and to correct for 
fortuitous variations in the target efficiency the target was scaxmed by a pair 
of differential ionization chambers in the manner already described by 
Burcham and Smith ( 1938 ). The particles were counted by means of two 
linear amplifiers, each connected to a “scale-of-two’’ valve counter of the 
type described by Lewis ( 1937 ). The ranges of both protons and alpha- 
particles were determined by comparison with groups of similar particles of 
accurately known range. The ranges of the alpha-particle groups were 
measured by direct comparison with the group of alpha-particles emitted 
from carbon under deuteron bombardment, and the range of each of the 
proton groups was measured by comparison with two or more of the groups 
of protons emitted in the following transmutations: 

The nature of the disintegration particles was decided by visual observa¬ 
tion of the size of the impulses on a cathode-ray oscillograph screen and by 
measurement of the **out off bias’* required to prevent the impulses from 
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being recorded by the valve counter. In this way it was easy to distinguish 
alpha-particles from protons, provided that the total number of impulses 
per minute wag not so large as to result in appreciable superposition. 

Bombarding currents of 50-100/iA of deuterons with energy 0*86 x 10*eV 
were used throughout. 


3. ExPBBIMBNTAIi BBSITLTS 
(o) Emission of alpha-particles 

A typical number-range curve for the particles emitted from sodium 
targets when the bias of the counter was adjusted so that alpha-particles 
were recorded is shown in figure 1. 



range (om.) 
FlOtTBS 1 


Of the four groups present that of range 2*9 om. was found to be due to the 
transmutation of carbon contamination of the target and the one of 6-75 om. 
range to the superposition of protons from the disintegration of the oxygen 
contamination on the target. 

The two alpha-particle groups with mean ranges 5*0 ±0*1 and 3*4 ± 0* 1 om. 
are attributed to the disintegration of sodium. 
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(6) Emiaeion of protons 

The results obtained when the bias of the counter was adjusted to count 
protons were much more complex and are represented in figure 2. Of the 
seven groups present the three with ranges 6’(), 10*0 and 15*9 cm. are due to 
oxygen and deuterium contamination on the target. The remaining four 
groups with ranges of 7-5^ 24*0 33*4 and 37*Hom. are attributed to the 
transmutation of sodium. Under deuteron bombardment both lithium and 



range (om.) range (om.) 

Fiqure 2 


boron emit protons of ranges in the neighbourhood of 33*4 cm,, but the group 
of this range observed in these experiments cannot be attributed to the con¬ 
tamination of the target with either of these elements. This was proved by a 
search for the known alpha-particle groups to be expected from the bombard¬ 
ment of lithium or boron with protons. The number of alpha-particles having 
the required ranges was less than 5 per minute. This number is less than 1 % 
of that which would have been detectable if the proton group of 33*4 era. 
range had been due to the presence of these elements as impurities. 
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4. Discussion 
(a) Alpha-particle emission 

The alpha-particle group of mean range 5*0 ±0*1 cm. at a bombarding 
energy of 0*85 x 10® eV is interpreted as being due to the transmutation 

23Na4-2H->2iNe + 4He. 

From the energy of the alpha-particle group the energy release in this 
reaction is calculated to be 6*75 ± 0*1 x 10®eV,* and the mass of ^®Na ob¬ 
tained by substituting the other mass values is 22*9961 ± 0*0003. This is in 
good agreement with the value 22*9960 ± 0*0006 calculated from Lawrence’s 
original determination of the alpha-particle range in the above transmuta¬ 
tion after correcting his assumed value of the stopping power of the alu- 
miniiun foils used in the range measurements in accordance with the results 
of Rosenblum (1928). The only other accurate value for the mass of ®®Na is 
deduced from the work of Pollard and Brasefield (1937), wlu) have deter¬ 
mined the energies of the proton groups emitted in the transmutation 
process 

From the energy of the proton group of longest range these workers 
lated a value 22*9972 ± 0*0002 for the mass of ^^Na. This result is in definite 
disagreement with our value. Using Pollard and Brasefield’s value for the 
mass of it is possible to calculate the energy release in the process 

and hence the energy of the alpha-particles emitted. At a bombarding energy 
of 0*85 X 10® eV the alpha-particles would be expected to have a range 
6-1 cm. We can find no such group with an intensity greater than 1 % of the 
main group of 5*0 cm. range. It seems probable therefore that Pollard and 
Brasefield’s value for the mass of is too high and that in their experi¬ 
ments they failed to observe the proton group of longest range corresponding 
to the formation of *®Na in the ground state. 

The group of alpha-particles of mean range 3*4 ±0*1 cm. at a bombarding 
energy of 0*85 x i0®eV must also be attributed to the transmutation of the 
isotope ®*Na as no other stable isotope of sodium is known to exist. The 
energy release in the transmutation 

*3Na±«H->«Ne*-h^He, 

♦ Owing to the method of range meaBuroment, by comporiaon with that of the 
group of alpha-partioles from carbon, the correction for the angular spread of the 
particles is small compared with the experimental error, emd it has been omitted. 
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leading to the emission of this group of alpha-particles is calculated to be 
5*15 X 10 ®eV, indicating that the nucleus is left excited in a state 
1*6 X 10 ®eV above the ground state. 

(b) Proton emission 

The several groups of protons observed during the bombardment of 
sodium with deuterons are most simply interpreted in terms of levels of 
excitation in the nucleus formed according to the process 

J*»Na + m ->2^Na *f (3) 

The values of the energy release in this process as calculated from the 
proton ranges given above are 1*38, 3*50, 4-38 and 4*76 x lO®eV. Assuming 
that the value 4*76x 10 ®eV corresponds to the formation of ‘-^“^Na in the 
ground state, and using our value for the mass of we obtain the value 
23*9976 ± 0*0003 for the mass of ^^Na. This is in good agreement with the 
value 23*9974 + 0*0006 calculated by Livingston and Betho ( 1937 ) from 
Lawrence’s results. The other values of the energy release in (3) must be 
attributed to excited states in the nucleus at energy levels 0*38, 1*26 
and 3*38 x 10 ®eV above the ground state. 

Calculations based on coincidence experiments by Feather and Dunworth 
( 1938 ), on y-ray measurements by Curran and Strothers (unpublished) and 
on determinations of the maximum energy of the /?-rays by Feather and 
Dunworth ( 1938 ) and by Lawson ( 1939 ) indicate a total energy release of 
6*9 X 10®eV in the radioactive disintegration 

24Na^24Mg + e- + + 71, (4) 

while Curran and Strothers ( 1939 ) give the value 11*2 + 0*4 x K>® eV for the 
energy released in the capture process: 

a3Na-f^H^24Mg + y^. (5) 

A test of the consistency of these results and of our value of 4*70 x 10 ® eV for 
the energy reledise in reaction (3) may be obtained by combining the three 
reactions (3), (4) and ( 6 ). It may simply be shown that the quantity 

should be equal to zero. From these results the value 0*0 ± 0*4 x 10 ® eV is 
obtained for this quantity. The discrepancy here is most likely to be due to 
inaccuracy in the determination of the energy of the gamma-ray from ( 6 ). 

27-2 
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An attempt was made to compare the rate of emission of protons in the 
four groups at 7-5, 24-0, 33-4 and 37-8 cm. with the emission of beta-particles 
from the target after bombardment, and it was found that the number of 
protons was about ten times too small to account for the amount of radio¬ 
active formed. A searcih was made for other proton groups which might 
account for this discrepancy, but without success. The possibility that other 
proton groups may occur at ranges less than 16 cm., where there is a high 
probability of their being obscured by contamination groups, cannot, how¬ 
ever, be eliminated. 

Using our value for the mass of and the value 5*9 x 10 ®eV for the 
energy release in the radioactive disintegration (4) we calculate the mass of 
**Mg as 23*9913 ± 0*0003. This is to be compared with the value 23*9924 ± 
0*0006 calculated by Livingston and Bethe ( 1937 ) and based on Lawrence’s 
results and on a different estimate of the energy release in (4). 

In conclusion we should like to thank Mr P. I. Dee for his interest and 
advice throughout the course of this w’ork. One of us (E. B. M. M.) is in¬ 
debted to the Department of Scientific and Industrial Research and to 
Newnham College, Cambridge, for research grants. 


Summary 

The transmutations of sodium under bombardment with deuterons of 
energy 0*86 x 10 ® eV have been investigated in detail. 

The two groups of alpha-particles which are emitted, with ranges 5*0 ± 0 * 1 
and 3*4 ±0*1 cm., are attributed to the process 

The energy of the longer range group leads to a value for the mass of ®*Na of 
22*9961 ± 0*0003 and the shorter range group indicates the presence of an 
excitation level in the nucleus which is calculated to be 1*6 x 10 *eV 
above the ground state. 

Four groups of protons are also found to be emitted with ranges of 7*5, 
24*0, 33*4 and 37*8 cm. From the energy of the group of longest range a 
value of 23*9976 ± 0*0003 is deduced for the mass of the ®*Na atom. From the 
energy values of the other groups it is concluded that excitation levels at 
0*38,1*26 and 3*38 x 10 ®eV above the ground state exist in the nucleus. 

The value 23*9913 ± 0*0003 is also deduced for the mass of ®*Mg. 
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Structure and thermal properties associated with 
some hydrogen bonds in crystals 

III. Further examples of the isotope effect 

By a. R. Ubbblohde 

The Davy Faraday Laboratory. The Royal Institution. 
{Communicated by Sir William Bragg, P.R.S.—Received 20 September 1939) 

The conclusion from previous experiments on the isotope effect in crystals 
(Robertson and Ubbelohde 1939 ) was that on substituting D for H in 
hydroxyl bonds (length 2'75-2'85A) there was only a small change in 
the lattice sjiacings, whereas for the short hydrogen bonds (length -2-55 A) 
there was a considerable expansion. From this conclusion it was suggested 
that resonance effects must contribute an appreciable proportion of the 
binding energy in short hydrogen bonds. 

One difficulty in this suggestion arose from the complicated crystal 
structures used, for which inferences about changes in bond lengths cannot 
be very direct. The aim of the present experiments was to substantiate the 
former results by investigating further examples of the isotope effect. In 
order to have a structurally simple example of the hydroxyl bond, pentaery- 
thritol C(CH 20 H )4 was compared with C(CH 20 D) 4 . The salt hydrates 
SrClj 6 H 4 O and CuSO^ were also compared with the corresponding 
deuterium compounds. For the short hydrogen bond a comparison was made 
between KH 2 PO 4 and KD 2 PO 4 . The (unknown) structures of NaHS 04 and 



418 


A. R. Ubbelohde 


fumaric acid were also investigated. Finally, in order to obtain information 
on possible **hydrogen bonds^" between atoms other than oxygen, urea was 
compared with C0(NI)2)* KHFg with KDFg. In addition to confirming 
the previous conclusions, certain fresh facts have emerged about the be¬ 
haviour of hydrogen bonds in crystals, as is recorded below. 


Gbkbral desoriftion of the expkrimekts 

Owing to the mobility of the hydrogen atoms responsible for hydroxyl and 
hydrogen bonds, the various compounds investigated were usually prepared 
by repeated crystallization from 1)20, with a parallel crystallization of the 
original sample from HgO, in order to obviate any differences in the degree of 
purity as a result of the treatment. Special details are given below. 

The lattice spacings of the hydrogen and deuterium compounds were 
compared using a miiltiple exposure X-ray sf)ectrometer (Ubbelohde 1939). 
As a general rule powder photographs were first obtained, and in certain 
cases these were followed by rotation and oscillation photographs about 
selected crystal axes. Cu radiation from a gas tube was used throughout, 
with a nickel filter to eliminate the radiation. 

A. The hydroxyl bond 
qCHaOH), and C(CH20D)4. 

According to Llewellyn, Cox and Goodwin (i937),andNitta and Watanab6 
(1938) the hydroxyl bonds in tetragonal pentaerythritol crystals all lie 
parallel to the (001) plane, so that any change in the length of these bonds on 
substituting deuterium for hydrogen can be readily correlated with changes 
in the lattice spacing. 

A specimen of C(CH20H)4 (Kahlbaum) was powdered and dried over 
P2O5 in vacuo. A portion of the dried powder was recrystailized from 
distilled water, and a second portion from D^O whose final composition was 
99‘0 % I). On the assumption that only the hydroxyl group exchanges 
hydrogen for deuterium, and that the partition coefficient for deuterium 
between solution and crystal is approximately unity (cf. Anntial Seports 
^933 )j the composition of the product was taken to be 0(CHaOD)4 within 
experimental error. 

Powder photographs, and single crystal rotation photographs about the c 
axis showed that any change of lattice spacings on substituting D for H can 
be summarized by 
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for where ia the Bragg angle for a reflecting plane. This very 

small expansion on substituting deuterium is comparable with the observa¬ 
tions on hydroxyl bonds in resorcinol (Robertson and Ubbelohde 1939)^ 

OUSO4 5H2O and CUSO4 SDgO. 

Crystals of these two compounds were kindly supplied by Dr J. Bell, 
Owing to the complexity of their structure (Beevers and Lipson 1934), the 
overlapping in X-ray powder photographs is too great to make them in¬ 
formative. Single crystal rotation photographs about the c axis showed that 
apparently a small contraction of certain lattice spacings occurs on substi¬ 
tuting DjO for HgO. Although the effect is too small to make extended 
experiments profitable with the present apparatus, it is, nevertheless, of 
interest in view of the greater heat of hydration of D^O (Bell 1937; Schacherl 
and Behounck 1939). The equilibrium between attractive and repulsive 
forces in a salt hydrate lattice involves too many factors to permit any far 
reaching inferences (cf. Lange and Martin 1937), but it may be added that in 
solution the DgO leads to a change in absorption of the (hydrated) Cu++ ion 
which could be interpreted in terms of a smaller molar volume of DgO 
(Duhm 1937), 


SrClafiK/) and 

This pair of hydrates is interesting both on account of a fairly simple 
arrangement of hydroxyl bonds (Herrmann 1931) and because it was ob¬ 
served by Bell (1937) that the heat of hydration by DgO, compared with 
HgO, is abnormally small (4?i),o/^HaO becomes less than unity for this 
hydrate). 

The salts were prepared by warming a specimen of strontium chloride in 
vacuo till no more water vapour was evolved, and dissolving the anhydrous 
salt in sufficient warm HjO or 99-6 % DgO to give suitable crystals on cooling. 

Both powder photographs and single crystal rotation photographs about 
the c axis showed a small expansion of the lattice on substituting deuterium 
for hydrogen. The results can be summarized by dn > for 

The difference between isotope effects in the hydrates of copper 
sulphate and strontium chloride is apparently in parallel with the difference 
in the ratios Qd^oIQb^o (Bell 1937), but special apparatus would be required 
to evaluate these small i8otoi>e effects sufficiently accurately to permit 
oaloulations on the lattice energy. 

The main conclusion from these three compounds is that any isotope 
effect due to hydroxyl bonds is small in absolute magnitude. (Cf. also ex¬ 
periments on other salt hydrates, Sauer 1937.) 
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B, Structures involving short hydrogen bonds 

Fumaric acid, (CH)a(COOH)2 and (CH)a(COOD)a. 

Infomation about the crystal structure of fumaric acid is very incomplete 
(WyckofF 1931), and it is difficult to prepare good crystals. The acid was, 
however, included in this series of investigations in order to test the sugges¬ 
tion that conjugation might lead to larger isotope effects in the hydrogen 
bond (of. Robertson and Ubbelohde 1939, p* 234 ). Maleic anhydride (B.D.H.) 
was heated for 6 hr. in a sealed tube at 130 - 170 *^ C with distilled water (20 % 
anhydride by weight), and the crystals of fumaric acid which separated on 
cooling were dried and recrystallized from boiling nitrobenzene, previously 
dried over KOH and distilled. A parallel jireparation was carried out with 
99 '6 % DgO. In this process it is possible that some of the hydrogen linked to 
carbon also exchanges with deuterium, but this would not seriously affect 
the results given below. It was found exceptionally difficult to obtain 
crystals giving sufficiently intense reflexions at large 0 angles to permit 
investigation of the isotope effect. For a rotation of one pair of crystals 
about the a axis a pair of spacings was observed with On-On — O' 20 ® 
{ 0 ^ ss 80 ' 2 ®), but this is not necessarily the most suitable axis for observation. 
The observed isotope effect is of the same order as for succinic acid. This 
result is much too incomplete to eliminate definitely the suggested effect of 
conjugation, but taken together with the observations on KH2PO4 (see 
below), it makes the suggestion unnecessary at least till fresh positive 
evidence is obtained. 


KH2PO4 and KD2PO4. 

The structure of tetragonal KH2PO4 has been worked out by West (1930). 
It has the theoretical advantage, for investigating isotope effects, that the 
short hydrogen bonds (length 2 * 54 A) all lie parallel tothe( 001 )plane,sothat 
changes of lattice spacing can be more readily correlated with changes of 
bond length, than in the case of oxalic acid dihydrate or sodium bicarbonate. 

From the practical standpoint, the preparation of tetragonal crystals of 
KD2PO4 proved to be exceptionally difficult. The hydrogen in KHaP04 was 
replaced by deuterium by repeated crystallization from DgO followed by 
distillation in vacuo, but when the final product was recrystallized from 
99 '6 % DjO the potassium phosphate was found to separate in a new crystal 
structure (Ubbelohde and Woodward 1939) of considerably lower symmetry. 

Although it has not yet been possible to analyse the new crystals with 
sufficient precision to leave no doubt as to their chemical composition, the 
following facts suggest the formula KDJPO4: 



Structure and thermal properties- 


421 


(1) If a salt such as KHSO4 is dissolved in water, K2SO4 firat separates on 
evaporation, and an analogous phenomenon might be occurring in this 
instance. It was found, however, that as the mother liquors from the first 
crystallization of the new crystal were evaporated by dryness, successive 
crops all showed the new structure. This makes an initial departure of the 
K; PO4 ratio from the formula KD2PO4 very unlikely. 

(2) When the new crystals were roughly crushed and exposed to a vacuum 
of 10"'® mm. for 6 hr. no change in weight was observed, whereas most salt 
hydrates rapidly lose water under similar circumstances. 

( 3 ) The powdered crystals kept in a stoppered bottle,orinathin cellophane 
tube sealed with Apiezon Q, gradually revert to the tetragonal form, as can 
be observed from X-ray powder photographs taken over a series of days. 

The provisional conclusion is that an unstable crystal structure appears 
preferentially in the case of KD2PO4, in accordance with the rule of successive 
states (cf. Ubbelohde 1937 and resoroino), Robertson and Ubbelohde 
1938). Such a phenomenon is of special interest owing to the thermal and 
dielectric anomalies of KHaP04 at about — 120 ''C (Scherrer, Bantle and 
Scherrer 1939). These are probably due to the unusual thermal properties of 
short hydrogen bonds (Robertson and Ubbelohde 1939, p. 249 ), and the 
substitution of deuterium may be equivalent to a shift of the temperature 
scale. The new crystal structure is being further investigated. 

In order to evaluate the isotope effect in tetragonal KH2PO4, which was 
the original purpose of these experiments, it would have been possible to 
compare X-ray powder photographs with those of powdered KD2PO4 which 
had been standing for some time (cf, the reproductions of photographs, 
Ubbelohde 1939, p. 159 ), but the occurrence of overlapping planes makes 
this unsatisfactory. Single crystals of tetragonal KD2PO4 wore therefore 
obtained as follows: A solution of KD2PO4 was made up in warm 99*6 % 
DgO, in a boiling tube fitted with a ground glass cap to keep out the air, the 
cap being slightly greased at the lower edge. The composition was adjusted 
by trial so that the solution was supersaturated but no salt separated, on 
cooling the solution with the cap closed, 

A small crystal of tetragonal KH8PO4 was then dropped in. Under 
favourable circumstances the KD2PO4 would deposit slowly on this crystal 
in a compact cloudy mass, fragments of which were cut off and observed to 
have the tetragonal structure. The amount of hydrogen introducied into the 
deuterium compound in this process was probably very small; in order to 
avoid fragments of the initial KH2PO4 a twist of very thin glowed copper 
wire was fastened at one end before dropping the crystal into the boiling 
tube. It was not found practicable to use out fragments from one experiment 
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. in a second nucleation, so as to lessen the risk of including hydrogen, since 
the process of cutting appeared to facilitate the crystallization of the new 
form. Even when undamaged crystals of KH2PO4 were used as nuclei the 
experiment had sometimes to be abandoned owing to the spontaneous 
appearance of clear needles of the new form, which grew much more rapidly 
than the cloudy mass, and soon exhausted the solution. 

An undamaged crystal of tetragonal KDaP04 was also found amongst the 
crystals of the new form separating spontaneously from 99*6 % DgO on 
cooling, but a search showed that the proportion of such tetragonal crystals 
must be very small. No significant differences were observed between it and 
cut fragments obtained as above. 



Fioujkj; L Lattice deformation (isotope effect, D for H) for KHjP 04 . 

Tetragonal crystals of KDaP04 obtained in these two ways were rotated 
about the 6 axis. A plot of the expansions in different directions on substi¬ 
tuting D for H is shown in figure 1, using the same nomenclature as in the 
previous paper (Robertson and Ubbelohde 1939) and calculating the 
smoothed curve by the method of least squares. It may be added that the 
discrepancies between individual measurements and the smoothed curve 
appear to be largest to the left of the diagram, merely because this happens 
to be the region of zero expansion, over which errors of filTn measurement 
have their maximum effect. 

In the tetragonal crystal all the axes of the expansion ellipsoid coincide 
with the crystallographic axes, and the smoothed values of the expansions 
on substituting D for H at 20° C are 

= +0-00200, ai5 = -0*0041, t/r = 90°. 

A polar diagram showing the direction of these expansions in relation to the 
directions of the hydrogen bonds is shown in figure 2. It will be observed that 
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these direotions practically coincide, and that changes in spacing pa*- 
pendicular to the planes containing these bonds are small and negative. 


c 



Figubk 2. Isotope effect (D for H) in relation to hydrogen bond directions. All the 
H bonds are parallel to (010) or( 100). The diagram shows the directions of these bonds 
(dotted linos) and of the lattice expansions parallel to 010. A similar diagram applies 
for 100. 

NaHSO* and NaDSO,. 

Although no detailed crystal structure has apparently been published for 
these compounds, they are of considerable interest for the theory of the 
hydrogen bond. Owing to the fact that KHSO4 does not evaporate as such 
from solution, it was decided to prepare NaDS04 by repeated crystallkation 
of NaHS04 (B.D.H. A.R.) from DjO, the D^O being removed after each 
crystallization by vacuum distillation. 
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These crystal structures were not found to be sufficiently simple to give 
informative powder photographs. Apparently on substituting deuterium 
both expansions and contractions of certain lattice planes occur, and the 
role of hydrogen in these crystals may be fairly complex. The nature of the 
isotope effect is being investigated in connexion with further experiments on 
the crystal structure. 

C. Hydrogen bonds between atoma other than oxygen 

It has frequently been suggested that resonance effects contribute 
appreciably to association by hydrogen, between two dissimilar ‘‘electron 
donor” atoms. Owing to the scarcity of comparison data it is less easy to 
apply the usual crystallographic criterion, that there should be a marked 
decrease in the minim um distance of approach of the two donor atoms, when 
one or both are linked to hydrogen. The problem is of particular importance 
for theories of intennolecular resonance since it may be that “short hydrogen 
bonds” are formed only when one donor atom is linked by a double bond. 
The following experiments were carried out in order to initiate the explora¬ 
tion of this field. 

Urea, CO(NH2)2 and 00(NDa)2. 

The structure of urea has been determined by Wyckoff and collaborators 
(Wyokoff 193 s), and does not show any evidence of an abnormally close 
approach of two donor atoms. 

In order to prepare the deuterium (!ompound, urea (B.D.H. A.R.) was 
repeatedly crystallized from D^O, so as to obtain a compound with 99*0 % D. 
The isotope effect was investigated both in powder photographs and in 
single crystal rotation photographs about the c axis. The results can be 
summarized by the statement 

^ — 0 * 09 °, 6^'*-' 74 °. 

Apparently for this compound a small contraction occurs on substituting 
deuterium, such as would be expected for a compound containing covalent 
linked hydrogen only. Dipole effects of undetermined sign make a definitive 
interpretation difficult at present. 

KHFa and KDb\. 

This crystal structure is of considerable interest for the theory of the 
hydrogen bond, and has been described as “perhaps the most perfect 
example of the hydrogen bond we know” (Rodebush and Buswell 1939). 
Owing to some inconsistencies between X-ray data published by Bossorth 
(1923) and by Caglioti and Giaoomello (1938) the structure cannot be re- 



Structure and thermal properties* 426 

gatded as completely determined, but it was, nevertheless, of interest to 
study the isotope effect. 

After some difficulty, small quantities of KDFg were prepared in two ways: 

(а) Repeated crystallkation of KHFj (Kahlbaum) from DgO, This 
method is wasteful, since it was found impossible to distil the excess D^O in 
eocwo, without removing some HF and DF at the same time, and the salts 
are so soluble that the fraction recovered after merely decanting the mother 
liquors is small. 

(б) A small quantity of KHFg was dissolved in a large excess of DgO in a 
silver dish, and the solvent was removed by a slow stream of specially dried 
air at ordinary temperatures (cf. Ubbelohde 1933). 

In both cases a few crystals were obtained which were powdered, filled 
into cellophane tubes sealed with Apiezon Q, and compared with KHFg 
crystallized from H2O under similar conditions. 

A small contraction of certain lattice planes is observed on substituting 
deuterium, and can be summarized by 

for 

Attempts to check the composition of the crystals by analysis were un¬ 
satisfactory, owing to the small amounts available, but it seems unlikely 
that replacement of hydrogen by deuterium did not proceed under the above 
conditions. Although further investigations are planned in connexion with 
a determination of the crystal structure, the present results indicate that no 
large isotope effect occurs on substituting D for H in KHFa. 


Discussion 

The main conclusions from the experiments described are as follows; 

(1) For pentaerythritol, a structure which involves only van der Waals 
forces and “ hydroxyl bondsthe change in lattice spacings on substituting 
D for H does not exceed 0 00006 A, 

(2) For salt hydrates, whose structure probably involves ‘‘hydroxyl 
bonds** in addition to other forces, the effect of substituting D for H is 
likewise very small. 

(3) For KH2PO4, a structure involving ionic forces and short hydrogen 
bonds, there is considerable expansion in the direction of these bonds on 
substituting D for H. The disturbance in the crystal forces is sufficient to 
lead to the spontaneous crystallization of a new structure, which is probably 
an unstable form of KD2PO4. 
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(4) For urea and for KHPg there appears to be a small contraction in 
volume on substituting deuterium. 

From these conclusions the following inferences may be made: 

(a) Results (1 )-(3) confirm the previous inferences. The crystal structures 
investigated in the present paper leave even less reason to doubt that the 
isotope effects^ whir^h are of necessity observed for the lattice as a whole, are 
actually due to local changes in the hydrogen bonds. For example, the only 
feature commoii to the structures of KllgPO^ and (COOH)2 2H2O is the 
short hydrogen bond, and a number of possibilities which had to be con¬ 
sidered in the earlier work (p. 235 seq.) may definitely be discarded. 

The fact that observed isotope effects are numerically smaller in KHgP04 
and NaHCOg, compared with (COOHlg 2H2P, is probably due to the 
comparative unimportance of ionic forces in the structure of oxalic acid 
dihydrate. A small change in lattice spacings will lead to larger changes of 
crystal forces when these involve ionic attractions than when van der Waals 
and dipole effects predominate. 

(A) The effects for urea and the salt hydrates could be interpreted in terms 
of dipole changes, and the decrease in volume to be expected when deuterium 
is substituted for hydrogen in covalent compounds, and do not call for 
special comment till more accurate results are available. 

(c) The results for NaHS04 and KHFg indicate the interest of a precise 
knowledge of the respective structures for the theory of the hydrogen bond. 
It is just possible that in the ion HFg, in gaseous and liquid HF (Bauer, 
Beach and Simons 1939), and in the higher acid fluorides (Webb and Pri- 
deaux 1939) the associative link is between the fluorine atoms, in a manner 
analogous to the boron hydrides (Bauer 1937, 1938), since such a structure 
would be more in accordance with the observed isotope effect. 

At present, the controversy (Rodebuah and Buswell 1939; Bauer and 
Magat 1938) as to whether “hydrogen bonds” require a contribution from 
resonance effects for their explanation cannot be regarded as settled. It does 
seem, however, from the sj^ecial type of bimolecular association observed for 
carboxylic acids, from the increased interaction which must occur when 
interatomic distances decrease, and from the unique isotope effect in all 
structures where short hydrogen bondvS are definitely known to occur, as if 
these short bonds require the intervention of special resonance effects for 
their complete explanation. 

Thanks are due to the Managers of the Royal Institution for the facilities 
placed at the author's disposal, and to Miss 1. Woodward for her assistance 
with some of the calculations and diagrams. 
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Summary 

The effect on the lattice spacings of substituting deuterium for hydro¬ 
gen has been investigated for pentaerythritol, CuS04 5 Ha 0 , SrClg 611 * 0 , 
furmaric acid, KH2PO4, NaHS04, urea, and KHFa- The main conclusion is 
that when the crystal structure contains hydroxyl bonds the isotope effect is 
small, and when it contains hydrogen bonds there is a marko<i expansion, 
which disturbs the lattice sufficiently to lead to the separation of potassium 
phosphate in a new crystal structure. The effect for potassium hydrogen 
fluoride does not suggest a short hydrogen bond in this compound. Short 
hydrogen bonds seem to require special resonance forces for their explana¬ 
tion. 
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StTMMABY 

The effect on the lattice spacings of substituting deuterium for 
gen has been investigated for pentaerjrthritol, CuSO^SH^O, SrCljjBHjO, 
funnario acid, KH2PO4, NaH804, urea, and KHF^. The main conclusion is 
that when the crystal structure contains hydroxyl bonds the isotope eflFect is 
small, and when it contains hydrogen bonds there is a marked expansion, 
which disturbs the lattice sufficiently to lead to the separation of potassium 
phosphate in a new crystal structure. The effect for potassium hydrogen 
fluoride does not suggest a short hydrogen bond in this compound. Short 
hydrogen bonds seem to require special resonance forc^es for their explana¬ 
tion. 
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Terrestrial heat flow in Great Britain 

By a. E. Bbnfiklt) 

Department of Geodesy and Geophysics^ Cambridge 

(Communicuied by Sir Gerald P. Lenox-Conynghmriy F.R. 8 .- - 
Received 15 July 1939 ) 

1. Introduction 

The amount of heat flowing from the earth is a quantity of considerable 
geophysical importance. For some years there has been speculation about 
the possible consequences of the earth’s crust warming up, on the assumption 
that the amount of heat generated by the radioactive content of the crust 
is greater than that flowing to the surface (Joly 1925). Althoiigh a number 
of different workers have made measurements of the radioactive content 
of rocks from various parts of the world (Jeffreys 1936), until the present 
time the heat flow re<?eived little attention. 

If the amount of heat flowing from the earth in unit time per unit area 
is denoted by H, then 

( 1 ) 

where k and p are the thermal conductivity and temperature gradient in 
the earth’s crust respectively, and it is therefore apparent that two quan¬ 
tities must be measured before a value for H can bo obtained. 

For a great many years experiments have been made to determine the 
thermal conductivity of rooks, and for a long time temperatures have been 
measured in wells, bore-holes and tunnels, but the writer knows of only 
two places, the Simplon Tunnel and the Lake Superior Copper Mining 
District, where both have been measured, and the values of the heat flow 
deduced from these data are rather uncertain (Anderson 1938; Ingersoll and 
Hotchkiss 1934; Peirce 1903). As the value of k for different rooks varies 
through a factor of twenty or more, and as p in one region may differ by 
a factor of six from that in another district (neglecting hot spring and 
volcanic areas), the practice of estimating the heat flow by taking “average ’’ 
values of p and k must lead to a very uncertain value of H. In the past, 
H. has been taken by various writers at different times to lie anywhere 
between 3*46 x 10 -* and 1’6 x lO*^ cal./sq. cm.-sec., and it will be shown 
below and in a companion paper (Bullard 1939) that at least for Britain 
and South Africa even the second estimate is too high. 

1 428 ] 
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It must be added that in general there are practical difficulties in the 
work. Temperatures measured in mines are often unreliable, and for various 
reasons there are not many ‘‘dry*’ bores in this country which have been 
left unplugged for a sufficiently long time for reliable temperature measure¬ 
ments to be made, and from which a well-preserved selection of repre¬ 
sentative rock samples is available of a nature suitable for making rock 
specimens for conductivity purjKJses. 

2. The phkparation of rook 

The rook cores at the writer’s disposal ranged from a little over 1 in, to 9 in. 
in diameter. Only those having a diameter greater than in. were used 
for the heat flow determinations. From these cores specimens of 1 in. 
diameter were prepared by first cutting out an over-sized chunk from near 
the centre with a hacksaw, and then by grinding this down either entirely 
on an emery wheel or partly with carborundum on a glass plate. The 
specimens were micrometered in the centre and at four points on the 
circumference, and no great difficulty was experienced in making speci¬ 
mens with a centre measurement within 0*001-0-002 in. of the mean of the 
other four. About an hour was required to prepare such a specimen cut 
from a soft rock, but to have improved on this would have involved 
considerably longer. 

The orientation of the rock samples was known in their natural positions 
underground in all cases, and the specimens were prepared so that the heat 
flowing during the conductivity measurements was in a direction parallel 
to that flowing in situ. Care was taken not to overheat the specimens 
when grinding, and except in the case of rock salt and the samples from 
the Boreland bore, which are saturated in situ, all the specimens were 
cut dry, in order not to alter their moisture content. 

3. The measurement of rock conduotivitibs 
(a) The apparatus 

The method used in this work was that of the divided bar, first suggested 
by Lodge in 1878 , and subsequently adopted by a number of other workers 
investigating the thermal conductivities of poor conductors (for instance, 
Powell and Griffiths 1937). It was recommended to the writer by Dr Ezer 
Griffiths, and figure 1 is a diagram of the apparatus used in the present case. 
Heat was applied at the top of the upper brass bar A from a small spiral 
heating coil C dissipating about 3 W which was connected to a transformer 
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delivering 3-5 V. This ooU was electrically insulated from the rest of the 
apparatus with some thin mica sheets. The heat passed down through A 
and on through the rock specimen R and the lower brass bar B (cut from 
the same piece of rod as A), until it was finally carried away by the water 
cooling at the base. 



water coolinj^ 


Fiouaa 1. Diagram of the rock conductivity apparatus. 

In the steady state, and if there are no radial heat losses, the amount of 
heat flowing down the ensemble A-R-B is constant at all places, and if we 
denote it by h, then 

1^1 = ^bPb ® ^rPio ( 2 ) 

where kg and kg are the conductivities of brass and rock respectively 
and pg and pg are the corresponding temperature gradients. Hence, kg 
can be determined without the necessity of measuring the heat input 
when kg, pg and pg have been measured. The measurement of these three 
quantities will be dealt with below. 
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In arrangement used here, A, 12 , and B were of 1 in. diameter, A 
and B were 10 cm. long and different rock specimens 12 varied in length 
from 0*1 to 1*4 cm. The ring Wy which rested on top of the apparatus to 
insure a constant pressure, weighed 6 lb. A heavier ring was not used, as 
most of the rock specimens tested were of a soft sedimentary nature and 
were easily crushed. The whole apparatus was surrounded by a glass bell-jar. 

(b) The determination of temperature gradients in the apparatus 

The quantities p^ and pi^ were measured by means of eight copper- 
constantan thermojunctions, and one mercury-in-glass thermometer, all 
of which are shown in figure 1. The thermo junctions were made from the 
same two reels of No. 30 s.w.g. wire and were calibrated with a home-made 
potentiometer. This consisted of four resistance coils and a slide wire all 
made from the same reel of manganin wire (12 =» 0*76 i 2 /m.): the coils were 
made identical to one part in a thousand by means of a Kelvin Bridge 
circuit. The potentiometer current, which was supplied by a 2 V cell, was 
adjusted to 0*6 mA by balancing the potential across a 1700 1? constantan 
resistance against a standard Cadmium cell. The potentiometer covered 
a range of 26 ° C, including the 60 cm. slide wire, a 1 mm, length of which 
corresponded to a temj)erature difference of 0*01° C, which was easily 
detected by the galvanometer. The thermojunctions were inserted in holes 
of 2 mm. diameter bored radially to the centre of the brass bars A and B 
and were electrically insulated from the brass. They were connected 
together in such a way that the temperature differences could be measured 
between junctions Nos. 8 ~ 7 , 7 - 6 , 7 - 6 , 7 - 4 , 4 - 3 , 3-2, and 3-1 and the 
temperature of thermoj unction No. 8 was given by the mercury-in-glass 
thermometer situated immediately above it. This was required as the curva¬ 
ture term in the e.m.f.-temperature relation makes it necessary to know 
roughly the sum of the two temperatures whose difference is being measured, 
and by means of this thermometer the mean temperature of the rock 
specimen was also foimd. In practice it was necessary only to measure 
carefully the temperature gradient in B, and it will be seen below (§§ 3(c) 
and 6(a)) that this simplification was justified. As thermojunctions Nos, 3 
and 4 were within 3 mm. of the ends of A and J 5 , and as p^ was of the order 
of 0*01-0*02° C/mm., there was no danger of error in extrapolating to find 
the temperatures at the very ends of A and B nearest the rock specimen. 

Because of the temperature drop at the two brass-rock interfaces it is 
not possible, without introducing a serious error, to determine p^^ by 
measuring just one specimen and dividing the two end-point temjjeratures 
by the specimen’s thickness. If the temperature difference between the 
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two near ends of the brass bars A and S is denoted by T, we can set this 
equal to L+pj^s, where L is the sum of the two temperature drops in the 
interface films and s is the thickness of the rock specimen. It has been 
shown by Kaye and Higgins (1926) that the interface films obey the ordinary 



«(mni.) 

Figure 2. Plots of T/p^ against «. The gradients give the relative 
conductivities of the brass and the specimens investigated* 


laws of conductivity, so that the value of L depends on the amount of 
heat flowing and may be e-xpressed as Mpg. We may therefore write, 
».mg «q«.tion (8), Tjp,-U (8) 


Plotting T(ps against a for several specimens should give a straight line, 
the slope of which will indicate the relative conductivities of the brass and 
the rook sample investigated. The upper curve of figure 2 is an example 
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of such a plot for seven specimens all cut from the same rook sample. 
In general only three or four specimens were measiired, but a large number 
was used from this trial rock, which was the first to be investigated. 

(c) The determination of the cmiductivity of the brass bars 

In order to determine the absolute conductivity of the rocks investigated, 
it was necessary to determine that of the brass, It was decided to do 
this by substituting a material of known conductivity for the rock specimen, 
and for this purpose three crystalline quartz disks were obtained from 
Messrs R. and J. Beck, Ltd. The disks were LOO in. in diameter and 2-00, 
(VOO and 9*02 mm. thick, and were cut with the planes of their two parallel 
faces parallel to the optical axis of the crystal, so that in the conductivity 
apparatus the heat flowed normal to this axis. The conductivity in this 
direction has been accurately determined (Griffiths and Kaye 1923 ; Kaye 
and Higgins 1926), and the three values which they have measured lie 
accurately on the straight line 

0*0167 ^0-000039T, 

where T is the temperature in C.* As all three crystalline quartz disks 
were measured in the present work at a mean specimen temperature of 
17 * 0 ° C, the conductivity of the disks has been taken as 0*0150 c.g.s., which 
leads to a value of 0*226 c.g.s. for the brass. All the rock conductivities 
in this work are based on this mine for crystalline quartz. 

Besides standardizing the apparatus at this high conductivity it was 
thought advisable to check the result by a further standardization on 
a substance of lower conductivity, and so four disks of Vitreosil (fused 
silica) supplied by the Thermal Syndicate were measured in the apparatus. 
The disks were of 1-00 in, diameter and thicknesses M2, 2 * 33 , 4*88 and 
0*44 mm., and the mean temperature at which they were measured was 
21*1® C. The measurements are shown graphically in the lower curve of 
figure 2. The conductivity of fused silica has been measured by Kaye and 
Higgins (1926) between 60 and 240 "" C; a reduction of these observations 
by least squares gives 

A:- 0 * 00320 + 1-83 X 10 - 

Using this expression the conductivity of Vitreosil at 21*UC is found 
to be 0*00324 c.g.s,, whereas the value obtained by the writer, using 
as 0-226 c.g.s. (from the crystalline quartz standardization), was 
0*00317 c.g.s. 

^ The values obtained by other workers are mostly about 10% higher (Kaye and 
Higgim 1926 ). 
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The discrepancy of 2*2 % over so big a range of conductivities is satis¬ 
factory, and can be explained by the fact that samples of fused siKoa from 
different batches possibly differ appreciably from each other in conduc¬ 
tivity. Before the work of Kaye and Higgins (1926) very inconsistent 
values of the conductivity of this substance had been found by other 
workers, and an analysis of the measurements of Kaye and Higgins shows 
that of the three specimens which they used, the thickest specimen 
( 2*002 mm.) showed a mean conductivity ( 1*2 ± 0 * 4 )% higher than the 
thinnest (1*000 mm.), while the mean conductivity of the middle specimen 
( 1*603 mm.) was (1*6 ± 0 * 4 ) % higher than that of the thinnest. That these 
discrepancies are more apt to be due to a differing composition than to 
some effect connected with the actual thickness of the specimen is suggested 
by the fact that the larger discrepancy occurs between the two thinner 
specimens. 

(d) The variation of the interface drop 

It will be noticed that in figure 2 the intercept M is different for the two 
curves. This is partly because different substances were used for thermal 
contact at the interfaces in the two cases, and partly because the parallel 
surfaces of the Vitreosil disks were flatter than those of the rock specimens. 
In making the measurements on Vitreosil and on crystalline quartz glycerine 
was employed, as this substance ensures a good thermal contact and there 
was no possibility of it penetrating the specimen. Owing to the optical 
flatness of these 8}>ecimen8 and their comparatively homogeneous charac¬ 
ter, the probable error in the conductivities of these two substances, due 
to the scatter of the measured points from the least squares line, was less 
than i%. 

When making measurements on rocks glycerine was not used, as this 
penetrates soft sedimentary rocks and makes the value of the conductivity 
unreliable. It was found that vaseline was a satisfactory substance. 
Specimens were weighed before and after having been coated with vaseline, 
and a difference of weight of only 0*01 g. could be detected, which corre¬ 
sponded to a penetration of about 0*01 mm. Vaseline was left overnight 
on the smooth face of one specimen and next morning, after wiping off 
the excess, the lightest scrape of a knife sufficed to remove all the dis¬ 
coloration caused by the vaseline on the surface. 

In general the rock specimens did not yield such good straight lines as 
those shown in figure 2. The effect of the spread of the points is given in the 
fifth column of table 1, where the probable errors of the rock conductivities, 
averaging 4*7 %, are given. This spread is partly due to the fact that two 
specimens cut from the same rock sample will not necessarily have the 
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same oomposition and conductivity, but the greater part is caused by the 
surfaces of the specimens not being perfectly flat. For this reason, and 
because of the low conductivity of vaseline, the interface temperature 
drop in the case of rooks constituted a larger proportion of the total 
temperature drop between the two brass bars than in the case of Vitreosil 


Table 1 




Depth 

kjf X 10 ® 

%p.e. 

Density 

Place 

Rock 

ft. 

c.g.s. 

in kjt 

g./o.c. 

Boreland bore 

Sandstone 

1694 

1000 

1*2 

2-34* 



2034 

1000 

2-6 

— 


Fakes 

1671 

322 

2*0 

2*48'*‘ 



2070 

328 

0*9 

2-49* 


Bloes 

1935 

141 

5*9 

2-06* 


Fireclay 

1936 

438 

6*3 

— 

Holford 

Rock salt 

— 

1720 

4-2 

218 



90] 



[2^48 


Red marlf 

226 [ 

526 

7*6 

^2‘63 



843] 



(2^46 


Grey marl 

132 

221 

3‘0 

2-38 



>660 

347 

8-3 

— 

Hankham 

Micaceous argilla- 

117 

254 

3-3 

1-99 


ceous silt 
Uncemented silt 

289 

625 

7-9 

215 


Well-bedded shale 

338 

281 

3-4 

222 


with sand 

Silty clay 

412 

369 

6-2 

2-20 


Silt 

464 

437 

2*7 

229 


Impure shelly lime¬ 

672 

628 

8*9 

2-70 


stone 

Very fine-grained 

681 

140 

6*7 

217 


shale 

Very hard impure 

582 

796 

5*9 

2*63 


shelly limestone 






* After soaking in water. 

t Data from three red marl samplem were used to compute one conductivity. 


and crystalline quartz, and any difference in the vaseline films on separate 
occasions (due perhaps to a different admixture of air) caused a corre- 
spondingly larger scatter. Bullard (1939), who had hard impervious rocks 
at his disposal, found that he could use a glycerine-water mixture for 
thermal contact; and as he was able to make his specimens flat to better 
than 0'0006 in. the probable errors of bis conductivities are less. 
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4. The measurement of temperature gradients in weixs 

For the most part the temperature data of others have been used. At 
Hankham, however, the well temperature measurements were carried out 
by the writer, using two maximum inverted constriction type mercury-in- 
glass Negretti and Zambia thermometers. Those had a range of 1 ( 1 - 60 ° C 
and were constructed with a glass outer casing, capable of withstanding 
a pressure of 100 atm., which prevented any spurious reading due to 
pressure at depth. These thermometers protected by sponge rubber, were 
placed end to end in a steel container (IJ in, outside diameter) in such 
a way that any shaking down of the mercury columns would affect the 
readings of the thermometers in opposite senses and would be detectable. 
No trouble from this was experienced. The container was lowered by means 
of a hand winch on which was wound over 2000 ft. of steel piano wire, 
0*9 mm. diameter, having a breaking strength of 380 lb. A revolution 
count/er was attached to a guide wheel on the winch and measured the 
depth from the surface. 


5. RESDIiTS 
(a) Rock condwiivities 

In table 1, column 4 , are shown the least squares values of the rock con¬ 
ductivities and iti column 5 their percentage probable errors. Columns 1 and 
3 show the bore and depth from which the samples came. The Boreland bore 
is situated 3 miles from the Balfour bore and at the time of going to press 
drilling operations in the former well are not completed. No temperature 
measurements have yet been made in it, but rock samples from this 
bore were most kindly sent to the writer by Dr E. M. Anderson. Unfor¬ 
tunately only a limited number of samples was available, but with the 
exception of blaes (non-biturainous shale) the conductivities found have 
been taken as representative of sandstone, fakes and fireclay for the 
neighbouring Balfour bore (Anderson, 1909) and also for the Blythswood 
bore No. 1 {Brit. Ass. Rep. 1868, 1869) and for the South Balgray bore 
(Brit. Ass. Rep. 1869). The conductivity found for blaes ( 0*00141 c.g.s.) 
is improbably low, and on repeating the measurements no appreciable 
change was found. It is probable that this sample is not representative, 
but unfortunately it was the only sample available. Accordingly, in the 
following calculations the value of the conductivity of this rock has been 
taken to be that of **grey and black shale” m published in the BriL 
Ass. Rep. (i88i), namely, 0‘00236 c.g.s. 
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( 6 ) The heat flow in (he Balfour bore 

In 1907 careful temperature measurements were made in this well 
(Anderson 1909 ). Shortly before a depth of 1783 ft. was reached an inflow 
of water was encountered, so only temperatures at depths greater than this 
have been used in the calculations. It is shown by Bullard ( 1939 ) that the 
best way to obtain a value of the heat flow is to make use of the expression 

T:=^T^-^Hi:Dlk, (4) 

where k is the conductivity of a homogeneous section D cm. thick, T is the 
tem|>erature at any depth i7Z>, and is the extrapolated surface tempera¬ 
ture (not the mean annual temperature of the air at the surface, see § 5(e)). 

In this bore sandstone, fakes and fireclay constitute 69*0% of the rocks 
encountered, and the conductivities used in evaluating ZDjk were 0*0100, 
0*00325 and 0*00438 c.g.s. respectively (see table 1 ). The other conduc¬ 
tivities used were blaes (10*6%) 0*00235 (see above), whinstone (11*7%) 
0*00340 {BriL Ass. Rep. 1878 ), coal (1*7%) 0*001 and miscellaneous (7*0%) 
0*004, and the measured temperatures, depths and the value of ZDjk at 
these depths are shown in table 2 . 


Table 2. Temperatitees m the Balfour bore 


Toba. 

Depth 

EDjk 

r 

K 


ft. 

c.g.s. 


ft. 

18-60 

1783 

1*089 X 10’ 

+ 0*18 

1550 

22-4 

2369 

1*561 

0-00 

2226 

26-66 

2959 

2-060 

-*018 

2934 

29-0 

3663 

2*485 

~0*52 

3543 

33*44 

3955 

2*774 

-H0*62 

3956 


On fitting a least squares straight line of the form of equation (4) to 
these data one obtains the expression 

T = (8*87 ± 0 * 135)-f-(0*867 ± 0 * 022 ) lO-^^D/k. 

The residuals from this expression (colunm 4, table 2 ) show signs of a 
systematic curvature convex to the depth axis (fig. 3). Such a curvature 
would be expected if the region in which the bore is situated has been 
subject to an ice age (Anderson 1934 ). In order to estimate numerically 
the effect to be expected from the Quaternary Ice Age, that is known to 
have affected this area, the following assumptions were made: ( 1 ) that 
the ice age lasted for a period long compared with the time that has 
elapsed since it ended in Britain, ( 2 ) that while it existed the temperature 
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at the surface of the rook was at 0° C,* ( 3 ) that since the ice sheet retreated 
the temperature at the surface has remained uniform at its present value. 
Furthermore, a mean conductivity ( 0-00435 c.g.s.) has been taken, equal 
to the total depth divided by the value of EDjk at the bottom and a 
fictitious depth E = k^EDjk was introduced. The values of E are shown in 
table 2, column 6, and a comparison of this column with column 2 shows the 
departure of the bore from one of uniform conductivity. An expression 



Fiqubk 3. Observed tomj)erature8 plotted against SDjk for the Balfour boro and tlie 
curve T = 26-7 x 10-83 (l--erfi(7/U-0 x 10‘). 

was then fitted to the data on the first, third and fifth lines of table 2 of 
the form , ^ v 

(5, 

where k is the mean thermometrio conductivity or (taking the mean speoiflo 
heat per unit volume as O-S c.g.s.) 0-00870 o.g.8., t is the time since the 
ice sheet withdrew, a is the equilibrium temperature gradient, and is 
the extrapolated surface temperature at the present time. A plot of SD/k 
against T from table 2 and the fitted curve are shown in figure 3 . 

* Recent work hM shown that the temperatiure at the base of an ioe sheet or 
glacier is that of the melting point under pressure (Sverdrup 1935 : Hughes and 
Seligman 1939 ). 
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The results of this fit give /? =« 10-83° C, a « 26-7° 0/km., ^ 1-10 x 10 * 

years, a surface heat flow of 0*68 x 10“* oaL/cm.*-seo., and an equilibrium 
heat flow of 1*16 x 10 ™® caL/cm.®-sec. 

(c) Heat flaw at Holford 

The heat flow here applies to the brine field controlled by Messrs I.C.I. 
(Alkali), Ltd., in which the strata pierced by the bores consist entirely of 
red marl, grey marl and rook salt, the section is similar to that of bore 
No, 3 described by Sherlock (iqai). As the upper portion (above 550 ft.) 
consists almost entirely of the marls, and the lower part of rock salt, and 
as the conductivity of rock salt is a great deal higher than that of the two 
kinds of marl (see table 1 ), an abrupt change in the temperature gradient 
would be exj)ected and is, in fact, observed at the transition point, being 
20*6° C/km. in the upper and 9*8° C/km. in the lower part. The writer has 
used temperature measurements made by the personnel of Messrs I.C.I. 
(Alkali), Ltd. in two bores situated within a few hundred yards of each other, 
£Djk was calculated from the strata sheets using for the conductivity 
of rock salt 0*0172, red marl 0*00525 and grey marl 0*00270 c*g. 8 . (hannonic 
mean of two samples). The two bores were almost identical in the amounts 
and distribution of the rocks encountered, and so for heat flow purposes 
a composite bore was constructed. Table 3 shows the measured tem¬ 
peratures, depths and HD/k at these depths. On plotting SDjk against 


Table 3. Tkmtebaturbs in the Holford bores 


Tob8, 

Depth 

IlDjk 

r 


r 


ft. 

o.g.s. 

"C 



12-0 

200 

16*60 X 10* 

+ 0*14 

1*08 

+ 0*12 

13*2 

400 

32*63 

-0*04 

2*16 

-0*06 

14*2 

660 

46*16 

-0*11 

2*97 

-0*02 

14*6 

700 

50'69 

-0*16 

3*22 

-0*20 

160 

800 

62*96 

+ 0*06 

3*43 

+ 0*06 

16*2 

900 

66*07 

-0*01 

3*6 

+ 0*01 

16-6 

1000 

69*79 

-0*02 

3*8 

-0*02 

16-8 

1100 

63*69 

-0*04 

4*04 

-006 

16'0 

1200 

66*61 

0*00 

4*2 

+ 0*05 

16*3 

1270 

68*41 

+ 0*07 

4*3 

+ 0*04 

16*46 

1300 

69*48 

+ 0*13 

4*87 

+ 009 


the temperatures (lower curve of figure 4) some indication of the same type 
of curvature as in the Balfour bore is perceptible, and no discontinuity 
in the slope is found at 550 ft., which shows that the observed abrupt 
decrease in the temperature gradient at this point is compensated by 
a corresponding increase in the conductivities, and the heat flow continues 
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to increase gradually with depth. A least squares straight line fitted to 
these points gives 

T = (10-57 ± 0-0198) + (0-828 + 0-0126) VQ-^EDIk. (a) 



Fioxtbe 4. Lower curve.- observed temperatures plotted against £D/k for Holford. 
Upper curve: result of correcting for the ice age, using * = 1-10 x 10* years. 

The residuals from this expression are given in column 4 of table 3, and if 
this reduction is repeated independently for the points lying in the range 
200-550 ft. and again from 550 to 1300 ft. (using the point at 550 ft. in 
each) the heat flow values for the upper and lower parts respectively are 
(0-743 ± 0-016) l0-« and (0-902 ± 0-017) lO-* cal./cm.»-sec. 

In correcting for the ice age in this well it is not necessary to assume 
a uniform conductivity throughout. Carslaw (iqai) has reduced the problem 
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of a two-material semi-infinite rod to two definite integrals, and by means 
of these the writer computed the temperatures (see table 3 ) which 
must be added to the measured temperatures in order to determine the 
equilibrium heat flow. The same ice age and climatic assumptions were 
made as in the Balfour bore. The constants used for the upper and lower 
sections were: conductivities 0*00362 and 0*00940 c.g.s.; specific heats per 
unit volume 0*50 and 0*46 c.g.s., leading to thermometric conductivities 
of 0*00724 and 0*0204 c.g.s. respectively, while t was taken as 1*10 x 10* 
years as estimated from the Balfour bore. The results of adding these 
values of to the measured temperatures is shown in the upper curve 
of figure 4, and the least squares straight line gives 

T == (10*75 ± 0*0191) 4- (1*43 ± 0 * 0121 ) lO*® £’/>/*. {b) 

The residuals are shown in column 6 of table 3 and do not exhibit any marked 
curvature, but if the points of this upper curve of figure 4 are taken separately 
for the sections above and below 560 ft. and least squares straight lines are 
fitted, the heat flows for the two sections are found to be (1*385 ± 0*020) 10*^® 
and (1*48 ±0*023) 10"® cal./cm.^-sec. respectively. 

It was thought that this discrepancy w^ould be further reduced by using 
a smaller value of t, and so the T^’s were recalculated for t =* 0*90 x 10* 
years, and the straight line fitted to all the points gave 

(10*76 ±0*0194)+ (1*60 ±0*0123) 10 -"® XD/ifc, (c) 

the upper and lower portions of the bore now giving heat flows of 
(1*456 ± 0*016) 10 “® and (1*54 ± 0*024) 10 ”® cal./cm.^-seo. respectively. The 
were then again recalculated for t = 0*60 x 10 * years, in the hope of 
making the upper and lower heat flows converge, but the lea«t square heat 
flows were found to be (1*61 ±0*0178) 10“® and (1*70 ±0*024) 10”® respec¬ 
tively. 

It is clear, therefore, that the temperature and conductivity measure¬ 
ments are not sufficiently accurate to fix the time t with any great precision, 
but it should be noticed that the percentage probable error in the heat flow 
for expression (a) is 1*62 % whereas for expressions ( 6 ) and (c) it is 0*86 and 
0*82 % respectively, and that the ratio of the heat flow in the lower to that 
in the upper section has the values 1*21, 1*07, 1*06 and 1*06 for the 
uncorrected cose, MO, 0*90 and 0*60 x 10* years respectively. Using 
the value ^ = 1*10 x 10 * years, therefore, U a great improvement over not 
correcting for the ice age at all, and successively smaller values of t hardly 
improve matters further. 

In order to obtain a more reliable estimate of t, highly accurate temjiera- 
ture measurements of the kind made by Krige ( 1939 ) should be made in 
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a deeper bore than the Holford and Balfour bores, consisting of hard 
rocks of fairly uniform conductivity, from which a large selection of well- 
preserved and representative rook specimens should be available for 
numerous conductivity measurements; the specific heats should also be 
measured. 

(d) The heat flow at the Blythawood bore No. I 
arid at the South Bcdgray bore 

These two bores are near each other and reliable temperature measure¬ 
ments were made many years ago under the direction of Sir William 
Thomson (Lord Kelvin) {Brit. Ass. Rep. 1868 and 1869 ). Unfortunately 
the bores are shallow, and temperature measurements could only be made 
down to depths of 347 and 625 ft. respectively. The difference in heat flow 
due to the ice age between the top and bottom of these bores is about \ % 
and therefore not detectable. No rock specimens from these bores were 
available, and the same conductivities were used as in the Balfour bore. 
The proportions of the different rocks encountered for the Blythswood 
bore were, sandstone 26-9%, fakes 15-8%, blaes 33-7%, coal 1*0% and 
miscellaneous 22-6 % (consisting of surface soil 20 ’4 % extending to a depth 
of 71 ft. and ironstone 2 ’ 2 %). The upper 60 ft. of the well were rejected 
and the heat flow found from the data between 60 and 347 ft. Consequently 
no value of JJ, could be determined here. The values of EDlk, defined as 
zero at a depth of 60 ft. in the Blythswood bore, are shown for both this 
bore and the South Balgray bore in table 4. 

The proportions of the different rocks encountered in the South Balgray 
bore were, sandstone 20-9%, fakes 26-6%, blaes 37-1%, coal 0*6% and 
miscellaneous 16-0% ( 68 % of which occurred in the bottom 76 ft. of the 
well). The values of £Djk found for the depths 480 and 525 ft., using 
a conductivity of 0*004 for miscellaneous rooks, are shown in table 4, 
but were not used in computing the heat flow. The results of the least 
squares analyses for these two bores are: 

Blythswood bore No. 1 ... = (1*24 ± 0*020) 10 “* o.g.s.. 

South Balgray bore ... T = (8*09±0*011) + (1*633 ± 0*009) 10“* o.g.s. 

These two heat flow values were then corrected for the ice age by means 
of the expression 

T„*fleri 2 :DI 24 Kt), 

using the mean conductivity k„ (0*00342 c.g.e. for the Blythswood bore 
and 0*00826 c.g.s. for the South Balgray). fl was taken as 8*09° C at both 
bores, as they are close to one another, <>>> 1 * 10 x 10 * years, and the 



443 


Terrestrial heat flow tn QreaA Britain 

speoifio heat per unit volume as O'5 c.g.8. The resulting equilibrium heat 
flows were found to be 1'60 x 10“* oal./cm.*-seo. for the Blythswood bote 
No. 1, and 1'86 x 10“* oal./cm.*-8eo. for the South Balgray bore. 

Tabl® 4 

Tons, Depth £D/k 

® C ft. c.g.8. 

8-86 60 0 

9*57 120 5*47 x 10* 

10-28 180 10-46 

10-88 240 15-22 

11*63 300 21-37 

12-06 347 26-61 

9-00 60 6-92 

9*76 120 11*46 

10- 62 180 16-33 

11- 68 240 22-66 

12- 16 300 26-69 

13- 00 360 31-57 

13-39 390 34-37 

13- 97 420 38-26 

14- 62 450 42-16 

14-83 480 (46-01) 

16-29 626 (48-47) 

(e) Heai flow at Hankham 

Temperatures in this well were measured by the writer on two successive 
days. The well had been drilled to a total depth of 842 ft., but owing to 
caving in it was not possible to lower the thermometer container below 
774 ft. The well had been bailed of drilling fluid to a depth of 760 ft. 
before the first measurement was made, so that it was possible to measure 
the temperatures in only a restricted range. Two measurements were made, 
using the pair of Negretti and Zambra thermometers on each occasion. 
The measurements were separated by an interval of 20 hr. and the thermo¬ 
meters were left down for hr. It had been previously ascertained that 
this was long enough to enable the thermometers in their container to 
acquire the temperature of the surroundings. The results, after subsequently 
standardizing the thermometers, are as follows: 



Depth 


Temp. 

Date 

ft. 

Thermometer 

“C 

17 March 

766 

No. 5782 

16-2 



No. 8783 

16-1 

18 March 

774 

No. 6782 

16-3 



No. 5783 

16*3 


Blythewood bore No. 1 


South Balgray boro 


Vol, 173- A 


19 
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Ab it was not possible to measure temperatures elsewhere in the well, 
the Meteorological Office was consulted for the mean value of the air 
temperature at Hankham, The figure furnished, which referred to East¬ 
bourne at a distance of 4 miles from the well site, was 10-3° C and was 
averaged over the period As the difference in height between 

the meteorological station and the well site is less than 30 ft,, the correction 
for altitude amounts to but 0*06° C and will be neglected. However, 
1 * 0 ° C will be added on account of the systematic difference between the 
mean air temperature and the extrapolated surface temperature. This 
correction is somewhat uncertain, as the difference varies over small hori¬ 
zontal distances, but should not be in error by more than a few tenths of 
a degree, Everett ( 1904 ) states that the correction is generally I'^C; 
Koenigsberger and Miihlberg ( 1911 ) recommend 0*8^0 for stations near 
sea level; and the Meteorological Office report the difference at Eastbourne 
between the mean air temperature (1888-1037) and the mean earth 
temperature (1911-26) at a depth of 4 ft, to be 1 ‘ 2 ‘^ C. It will be recalled 
that the extrapolated surface temperature for Holford was found to be 
(10-76 ± 0 * 02 )^ C and (10-76 ± 0 - 02 )'^ C for and 0-90x10* years 

respectively. The Meteorological Office furnished the writer with the mean 
annual temperatures of their three stations nearest to Holford, namely 
Macclesfield 8 - 6 ° C (1881-1935), Liverpool (Bidston) 9-4° C (1881-1936) and 
Sealand 0-5° C (1921-36). These give a mean of (9‘13± 0*2)°C which is 
additional evidence of the systematic difference found by others. 

A temperature of 16-2° C at 770 ft. will bo taken as the measured tem¬ 
perature. A correction, however, should be applied for the disturbance 
of temperature due to the drilling fluid. The formula given in the Brit. Ass. 
Rep. ( 1938 ) may be used to give a rough estimate of the correction required. 
Assuming that the drilling fluid reached a depth of 770 ft. at a temperature 
2 ° C lower than the undisturbed temperature at that depth,** the formula 
indicates that the temperature of the strata had returned to within 0 - 6 ° C 
of its undisturbed value. Unfortunately there was no possibility of making 
further measurements later.f The temperature at 770 ft. must, therefore, 
be corrected to 16-8° C, and combining this with the extrapolated surface 
temperature of 11 * 3 ° C, the temperature gradient is found to be 23-4° C/km. 

The conductivities of the eight rooks measured are shown in table 1, 
They were chosen at random, care being taken only that they were in 
good condition and at some vertical distance from each other, the second 

* When the meajsurexnenta were made the air temperature was close to H** C. 

t It is illegal to leave a well tmplugged, and the Hankham crew were on the point 
of leaving for work elsewhere. 
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oriterion being purposely neglected in the case of the bottom three rocks^ 
in order to ascertain whether or not the conductivities varied rapidly in 
short distances. Unfortunately the only lithological data available was 
the Graphic Log of this well, kindly given to the writer by the D’Arcy 
Exploration Co., which gave only general lithological information. No 
inhomogeneities were recorded, for instance, between a depth of 220 and 
400 ft., whereas the two rocks measured at 289 and 338 ft. are of quite 
different characters and have dissimilar conductivities. More striking 
still is the difference between the rooks at 681 and 682 ft. which, on an 
inspection of the specimens, are totally different from one another. It is 
therefore impossible to weight the conductivities according to the abun¬ 
dances of the rocks present, and so the harmonic mean conductivity 
(0*00302 c.g.s.) has been used. In doing this the rock at 682 ft. has been 
omitted, as it was subsequently ascertained that a total of only 6 ft. of 
this rock had been encountered in the drilling.* 

Using these figures, therefore, the measured heat flow is 0-71x10^® 
cal./cm.*-sec. and, correcting for the ice age in the same way as in § 6(d), 
the equilibrium heat flow comes to 1*12 x lO"'® cal./cm.^-sec.t The mean 
probable error of the seven conductivities is 6*3%, but the probable error 
of the harmonic mean conductivity is 14*6%. It is clear, therefore, that 
the uncertainty in the heat flow at Hankham is due primarily to the 
absence of lithological information, and the consequent necessity of 
assuming equal thicknesses of the seven rocks measured, rather than to 
uncertainties in the conductivity measurements. 


6, SOURCISS OV ERROR 
(a) Errors due to ths conductivity ap'paratua 

Bullard (1939) investigates in some detail the possible errors of this 
method of measuring rock conductivities. In the present investigation 
the standardization of the apparatus was repeated twice in the course 
of the work and again at the end, and no appreciable change in the Tjp^ 
values was found, indicating that the thermocouples had changed neither 
their oharaoteristios nor their relative positions. 

The good agreement between the crystalline quartz and Vitreosil 
standardizations shows that the apparatus was reliable over a large range 

* To inciudo this rock would raise the heat flow by 8*6 %. 

t There is some evidence that the ice sheet did not extend quite os far south as 
Hankham, but the mean surface temperature here probably was near for a 
eonaiderable time. 


ag-a 
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of conductivities, and, as the temperature distribution in measuring speci¬ 
mens of the two substances was quite different, this is an indication that 
radial heat losses were unimportant. The experiments were always carried 
out close to room temperature and Bullard ( 1939 ) finds that under these 
conditions radial heat losses are negligible. 

In making measurements on the Boreland Bore specimens, all of which 
were soaked in water for a number of hours immediately beforehand, care 
was taken to see that the air in the bell-jar was saturated, in order to 
prevent beat losses in the specimens due to evaporation. A specimen was 
weighed before and after measurement, and the difference in the heat 
flow entering and leaving the rock specimen due to the evaporation of 
water was found to be 1 %, for which no correction has been made. 

( 6 ) Errors due to the removal of the rocks from their natural positions 

Bridgman ( 1931 ) has shown that the change of conductivity with pressure 
is small enough to be negligible in this work. The mean temperature of the 
rock specimens when measured was usually within 10 ° C of the temperature 
in situ and no temperature correction has been applied to the measured 
conductivities. 

It is thought that errors due to an incorrect moisture content have been 
avoided. The method of saturating the Boreland bore specimens has 
already been mentioned. The only rock which exhibited a change of weight 
of more than 1 % after soaking for over 8 hr. was a sandstone, which 
increased its weight by 4%. The Hankham well was a dry well, a small 
flow of water at 224 ft. being the only liquid encountered, and no specimen 
was made from a rock core less than 2 J in. in diameter. The change of 
the water content and conductivity of seven Hankham specimens cut from 
different rocks was investigated os follows. Shortly after being prepared 
the specimens were weighed and conductivity measurements were carried 
out. The specimens were then left in small cardboard boxes for a month 
and were then again weighed and a new value of Tjp^ obtained. The 
change in weight during this time was small, the greatest being M%. 
All the specimens except one either remained the same or gained a little 
weight, indicating that the rocks were originally dry. The second values 
of y/pjB were in four cases sensibly the same as a month before. In the 
case of the remaining three a decrease of Tjp^ averaging 20 % was found. 
It is not surprising that the conductivities of unprotected specimens should 
change in this length of time. 

The water content of the specimens was further investigated by heating. 
Values of Tjp^ were obtained for five specimens before and after driving 
off all their unoombined water by maintaining them at a temperature of 
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about 140° C for an hour. All of these had previously been left to absorb 
moisture for a month os described above. The decrease of weight on heating 
averaged less than 4% and is a further indication that these rocks were 
originally dry. One of these specimens showed no change in the value of 
Tjpjf after heating, and the remaining one from Hankham showed a decrease 
of conductivity of 10%. 

(c) Errors due to well casings and convection 

It has been shown (Brit Ass, Rep, 1938) that the disturbance of the 
natural temperature gradient caused by a casing of high conductivity is 
negligible except within a few feet of the bottom, and the same argument 
is applicable to convection, in so far as a convecting column may be con¬ 
sidered to simulate a material of high conductivity. Some investigations 
in the past (Dunker 1896), however, indicate that a disturbance is found, 
but more experimentation on this point is desirable. In the present work 
it has not been possible to take any special precautions, and no allowance 
has been made for a possible effect. 

One would expect the top and bottom sections of the Holford well, with 
temperature gradients of 20*6 and 9*8° C/km, respectively, to convect at 
different rates, if indeed the bottom convects at all (Krige 1939), and if 
the disturbance of the temperatures were large, a greater difference in the 
upper and lower heat flows would have been found. It is possible that 
a part of the observed difference is due to this cause, but the uncertainty 
in the values of £D/k obscures any small disturbance which may have been 
present. 

7. Disottssion of results 

The surface heat flows which have been found are as follows: 

cal./cm.*-soo. 

The Balfour bore 0-68 x 10-* 

Holford 0-74 

Blythswood bore 1-24 

South Balgray bore 1*63 

Hankham 0-71 

Mean (0-980 ± 0-110) 10“« 

The equilibrium heat flows, computed with t = MO x 10* years, are 

cal./cm. *- 860 . 

The Balfour bore M6 x 10"« 

Holford 1-43 

Blythswood bore 1-66 

South Balgray bore 1*86 

Hankham M2 

Mean (1-424 ± 0*091) 10-» 
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Both these means are below the estimates which hare been made by 
others in the past. 

In §§ 5 ( 6 ) and 6 (c) the detection of the ice age from the curvature in 
the Balfour bore and at Holford has been discussed, and it is shown that 
until more accurate temperature measurements can be made in a deep 
bore in this country the determination of the date of the withdrawal of 
the ice sheet cannot be made with any great precision; the present work 
is consistent with de Geer’s date of about 7000 b.c. near Stockholm (see 
Anderson 1934 ). It should be noticed that the percentage probable errors 
in the two means given above are 11*8 and 6*4% respectively, indicating 
a more uniform heat flow after correcting for the ice age. 

The low heat flow values found introduce the difficulty of accounting 
for temperatures high enough to produce melting in the granitic and 
basaltic layers under Britain. If we assume a non-radioactive sedimentary 
layer as thick as 6 km. (Anderson 1934 ) having a conductivity as low as 
0*003 c.g.s., then, with a heat flow of 1*42 x 10~® cal./cm.^-seo., the tem¬ 
perature at its base can be made as high as 284“ C above the surface 
temperature. If we assume that this coincides with the top of a granitic 
having a radioactive heat output layer of 0*74 x 10“^*cal./cm.*-sec.*and that 
of the total heat flow the amount due to residual heat is 0*25x10'“® 
cal./om.*-sec.,* using the value 0*0068 c.g.s. for the conductivity of granite* 
we find that the thickness of the granitic layer is 16*8 km. and the tem¬ 
perature at its base is 478° C. This is not high enough to cause melting, 
and if we make the favourable assumption that no radioactivity exists 
below the granitic layer and use a conductivity of 0*004 c.g. 8 . for the lower 
basaltic layers (Poole 1914 ), the temperature gradient in these subsequent 
layers is but 6*26° C/km. so that only at a total depth of 90 km. is the 
temperature 900° C, which is still insufficient to melt basalt (Anderson 
1938 ). By assuming the residual heat flow to be zero matters are made less 
favourable, the temperature at the base of the granitic layer (now 19*2 km. 
thick) being 484° C and remaining constant with increasing depth. By 
taking a granitic layer 6 km. thick we find that the temperature at its base 
is 376° C (the residual heat flow being now 1*05 x 10 “® oal./cm.^-sec.), but 
the temperature gradient below is much greater, and a temperature of 
900° C would be reached at a total depth of 31 km. Seismological evidence, 
however, is against so thin a granitic layer. 

It seems, therefore, that molten rook cannot exist under Britap at 
a depth less than about 20 or 30 km. 

• See Bullard ( 1939 ). 
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Summary 

Measurements are described which lead to values of the terrestrial heat 
flow in five bores in Britain. In the two deepest bores some evidence 
of the existence of an ice age was found. It is not possible from these 
measurements, however, to fix the date of the withdrawal of the ice sheet 
with any certainty, but the indications are consistent with the estimates 
derived from other evidence. Using 9000 B.o. as this date to correct the 
measured heat flows, the mean equilibrium heat flow is found to be 
(P42 ± 0*09)10“® cal./om.^-sec., which is lower than has been previously esti¬ 
mated, but is higher than the mean heat flow in South Africa found by 
Bullard ( 1939 ). The result of so low a heat flow on temperatures in the 
granitic and basaltic layers is briefly discussed. 
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Borehole temperatures in the Transvaal and 
Orange Free State* 

By L. J. Keiok 

{Communicated by B. F. J. Schonland, F.It.S.—Received 16 July 1939) 

During the past few years numerous deep boreholes have been sunk in 
the search for the gold-bearing reefs of the Witwatersrand system, beneath 
thick covers of younger formations, in the southern Transvaal and ad¬ 
joining parts of the Orange Free State. The opportunity for temperature 
determinations in these boreholes is being utilized by the Geological Survey 
of South Africa, but a considerable time will elapse before the investiga¬ 
tions are completed and the results become available. It therefore seems 
desirable that the publication of Dr E. C. Bullard’s conductivity determina¬ 
tions of representative rock samples from the two deepest boreholes in 
which the temperatures have been measured should be accompanied by an 
account of these investigations. The two boreholes, on the farms Qerhard- 
minnebron No. 4 near Potchefstroom and Jacobs No. 878 near Bothaville, 
were selected for the conductivity determinations on account of their 
depth and also because of the exceptionally small amount of change in the 
stratigraphic columns. For the sake of comparison three other boreholes 
are included in the description. 

In this paper the term “geothermic step” is used to indicate the increase 
in vertical depth corresponding to a rise in temperature of 1° C. 


Published by permission of the Minister of Mines. 
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Diamond drills with an external diameter of 2 ^ in. (5*9 om.) were used 
in all the boreholes, but near the surface the width was greater. Except in 
the Driefontein hole, where it is wider, the upper portion of each is now 
lined with 2 ^ in. (6 cm.) casing. 

All the holes investigated were filled with water till near the top. It is 
therefore necessary to consider whether the temperature of the water is not 
aiffected by convection currents. The thermal expansion of water increases 
with rising temperature, while the compressibility remains approximately 
constant. At 20 "^ the pressure necessary to counterbalance the expansion 
caused by a rise of 1 ° is 6 atm., at 30® it is 7 atm., and from 40 to 60® it is 
11 atm., corresponding to columns of water 170, 240 and 370 ft. (60, 70 and 
1 10 m.) high, respectively. Where the geothermic step is greater than these 
heights the density of the water increases downward. This is the case in all 
the holes examined down to about 1000 m. (3000 ft.), but at greater depths, 
with temperatures above 30®, the geothermic step is sometimes smaller 
than the height of the water column necessary to counteract the ex¬ 
pansion, so that there is a downward decrease in density. Contrary to 
what at first sight might be expected an increase of density downwards is 
not a sufficient condition for stability. In the absence of viscosity the 
critical gradient above which convection occurs is (Jeffreys 1929 , p. 138). 
gaTfCp where g is the acceleration due to gravity, T is the absolute tem¬ 
perature, a is the coefficient of expansion and Cp is the specific heat at 
constant pressure. If viscosity is present Hales ( 1937 ) has shown that the 
critical gradient is increased by CvKlgaa^ where v is the kinematical vis¬ 
cocity, K is the thermometric conductivity, a is the radius of the tube, and 
C is a numerical constant which has the value 216 for a tube whose length 
is great compared to its diameter. For water in a tube with a diameter of 
2 ^ in. the constants are: 


Temp. 

26 

60 

76 

100“ c 


a 

2-6 

4*6 

6*0 

7*0 

X 10 -* “ C“i 

K 

1*49 

1*66 

1*64 

1*71 

X 10 “* om.Vsco. 

V 

8-9 

6*6 

3*9 

2*9 

X 10 ~® cm.*/ 8 eo* 


4*2 

4*3 

4.4 

4*6 

X 10’ erg 8 /“ C g. 

OvKfga 

11*2 

4*3 

2*3 

1*66 

X 10“» “ C/om.» 

CvKlgaa^ 

16*1 

6*8 

3*2 

2*1 

“C/km. 

gaTjCp 

0*2 

0*3 

0*6 

0*6 


Critical gradient 

16*3 

6*1 

3*7 

2*7 



From these data it is concluded that the Driefontein and Doomkloof bores 
are stable at all depths at which temperatures have been taken, Qerhard- 
mizmebron is stable down to about 7000 ft. and unstable below, and that 
Jaooba and Doomhoutrivier are stable down to about 3000 ft. and un- 
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stable below. The Reef Nigel bore discussed in the accompanying paper by 
Bullard is stable, and the Dubbeldevlei one unstable. In spite of the 
resulting unstable equilibrium, the smallness and the regularity of the 
changes in the geothermic step, in the same rook, show that convection 
currents are not disturbing the temperatures. Indeed, van Orstrand 
( 1924 a) has not found evidence of convection in boreholes when the di¬ 
ameter is less than 8 in. (20 cm.), which is more than three times as much 
as it is in the cases under consideration. 

In order that the true rook temperatures might be acquired by the water 
the determinations were not begun until at least two months after drilling 
had stopped. On only one occasion, at the bottom of the Gerhardminne- 
bron hole, this was not possible, and the value of the results, obtained after 
16 days, is therefore reduced. 

The temperatures were recorded by maximum mercury thermometers, 
six of which were enclosed in a strong brass tube, with an internal diameter 
of I in. (19 mm.) and an external diameter of 1| in. (31 mm.). Pipe-joint 
composition was used to make the screw jjlugs water-tight. The container 
was lowered by means of a 20 -gauge piano wire and a hoisting apparatus 
made according to van Orstrand’s specifications ( 1924 ft). At greater depths 
than about 5000 ft. (1600 m.) the apparatus began to give way under the 
hoisting strain. Both the winding drum and the frame were therefore 
strengthened sufficiently to bear the extra tension of the wire. 

The thermometers have straight stems, about 22 cm. long, with a con¬ 
striction above the bulb. They are graduated in fifths of a degree C, but 
have two different ranges, from 0 to 60° and from 36 to 100°, respectively. 
The former were used below 37 or 38°, the latter for higher temperatures. 
As long as the mercury columns were short all the thermometers functioned 
satisfactorily, but when they reached a length of 8 or 10 cm. the mercury 
frequently ran down before the readings were taken, in spite of great care 
in raising and handling the instruments. In order to reduce the length of 
the mercury column, and the consequent danger of its running down, a 
third set of thermometers was acquired, graduated in tenths of a degree, 
from 18 to 45° C. These were used in the Jaooba borehole. 

By means of a reading lens all temperatures were estimated to the second 
decimal. The necessary corrections were made for the errors of the instru¬ 
ments, os well as for the differences between the temperature registered and 
the temperature of the water in which they were immersed immediately 
before reading. 

After an exposure of 3 hr. in water in a borehole the mean temperature 
of the six thermometers was found to be the same, to the second decimal 
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place, as after an immersion of 10 hr. Three hours was therefore considered 
to be long enough for an exposure in water, while in air, in the upper por¬ 
tions of the holes, overnight exposures of 8 or 9 hr, were made, 

1. Thk Jacoba boreholk 

This borehole, Jacoba No. 3, on the farm Jacoba No. 878, in the Botha- 
ville District of the Orange Free State, is one of the deepest in the country. 
It is situated about 30 miles (60 km.) south-south-west of Klerksdorp, at an 
altitude of approximately 4300 ft. (1300 m.) in flat country. Except small 
thicknesses of Karroo sandstone and shale at the top and of Witwatersrand 
quartzite at the bottom of the hole, it passes through nothing but lavas of 
the Ventersdorp system, which are here 6900 ft. (2100 m.) thick. 

The upper portion of the lava, from 167 to 1241 ft. (48-378 m.) is de¬ 
scribed as medium to dark-greenish grey and dark grey to dark or very 
dark, fine-grained and fine- to medium-grained crystalline lava. It in¬ 
cludes about twice as much amygdaloidal as non-amygdaloidal rock, but 
the two varieties alternate in rapid succession, the maximum continuous 
thickness attained by each being only about 40 ft. (12 m.). Often the 
amygdales occur in thin scattered swarms. They usually consist of quartz 
and chloritic material, but sometimes of chalcedony or calcite. The 
chloritic amygdales are always small, the others generally large and irregular 
in shape. Scattered felspar phenocrysts were recorded at one horizon. 

From 1277 to 2795 ft. (389-846 m.) there is felspar-quartz-porphyry, 
consisting of scattered or closely-packed phenocrysts of felspar and quartz, 
up to J in. (6 mm.) across, in a dense greyish, greenish or brownish matrix, 
partly tuffaoeous. 

Below the porphyry the lava is very similar to that above it, but there 
are small differences. The colour is somewhat lighter, varying from light 
grey and light greenish grey, through greenish grey, medium grey and lead 
grey, to dark greenish grey, and dark slaty grey. The amygdaloidal and 
non-amygdaloidal varieties occur in approximately equal proportions, with 
a slight preponderance of the latter, which on one occasion continues for 
212 ft. (66 m.). The amygdales again consist chiefly of chlorite and quartz, 
sometimes of chalcedony and less commonly of calcite. Those of chlorite 
are always small or very small, and often indistinct, while the others are 
mostly larger, and occasionally up to 2 in. (6 cm.) across. 

The casing extends downward through the Karroo beds and weathered 
Java, At the time of the temperature measurements the water level in the 
hole was 126 ft, (38 m.) below the surface. 
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Observation 1 was made with only three thermometers^ graduated in 
tenths of a degree from 18 to 46"*. In all other determinations down to 
4181 ft. (1274 m.) the same six of these instruments were used, except one 
which proved unsatisfactory and was replaced by another from observation 5 
onwards. In observation 12 there were three such thermometers and three 
others, graduated from 36 to 100 ° in fifths of a degree. From observation 
13 downwards there were six of the latter typo, two which were broken in 
observation 15 being replaced by two others. 

The agreement between the individual readings of the different observa¬ 
tions is generally so close that the probable error is less than a unit in the 
second decimal j>lace. But in observations 2 , 4 and 14 it is 0 - 01 °, while in 
observation 15 it is 0*02° and in observation 12, on account of the change of 
thermometers, it has increased to 0*04°. 

In observations 8 and 20 the exposures were shorter than 3 hr., but longer 
than 2 | hr., for which reason a probable error of 0 * 01 ° is assumed. 

On account of a miscalculation, which was subsequently discovered and 
corrected, observations 6 and 7 were repeated twelve days after the original 
determinations. The results were identical although the times of exposure 
differed considerably, being 10*8 hr. for observation 7 and 3-1 hr. for ob¬ 
servation 24. This seems to show that the temperatures are generally reliable 
to the second decimal place. In table 1 all the temperatures are given to 
the second decimal, with the addition of the probable error when it is not 
less than 0-01 

There is considerable variation in the order of accuracy attained in the 
calculation of the geothermic step. It dej^nds upon the precision with 
which the depths and the temperatures have been determined, and also 
upon the increments in depth and temperature in two successive sections of 
the borehole. In the table it is generally given to the nearest unit, but 
sometimes, at the top and bottom of the hole, to the nearest 5 units. The 
probable error is always indicated when larger than unity. 

The greatest deviation of the borehole from the vertical is 12^, 
giving a horizontal displacement of 55 ft. or 16 m. in the geothermic step. 
This deviation is towards the south, in which direction the ground rises at 
the rate of one in 200 , The effect of the displacement on the geothermic 
step is therefore negligible. 

The first temperature determination, at the depth of 50 ft. (15 m.), is 
above the limit to which the annual temperature wave descends. The 
geothermic step in the following section of the hole is therefore a variable 
quantity, and the calculated result is one of several different values which 
occur during the year. Its large size seems to be chiefly due to this cause, 
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as the comparatively good thermal conductivity of the sandstone must be 
reduced because it lies above the ground water. 

In the next section the geothermic step is much smaller, corresponding to 
the poor conductivity of the shale, most of which is above the water table, 
and of the weathered lava. 

From 167 to 1276 ft. (48-389 m.), in the Ventersdorp lava, the geother¬ 
mic step has its highest value in the first section, with a large decrease in 
the second and a smaller decrease in the third, followed by an increase in 
the fourth section. The range is from 346 to 266 ft. (10&-78 m.) and the 
average 278 ft. (85 m.). 

In the succeeding felspar-quartz-porphyry the geothermic step is at first 
larger than in the preceding lava and then decreases downward more and 
more slowly, from 287 to 263 ft. (87-80 m.), the mean being 273 ft. (83 m.). 

Below the porphyry the lava again shows a slow but almost continuous 
decrease in the geothermic step, from 264 to 217 ft, (81-66 m,), till near its 
base, where there is a slight increase. The average value is 234 ft. (71 m.). 
The average for all the Ventersdorp lava, from 157 to 7032 ft. (48-2143 m.), 
is 248 ft. (76 m.). 

The average values of the geothermic step in the upper lava, quartz- 
felspar-porphyry and lower lava, respectively, are almost exactly pro- 
Ix)rtional to the mean conductivities found in these rocks by Bullard 
( 1939 ). In each of these three portions of the borehole there is also a 
distinct decrease in the geothermic step with increasing depth, which is not 
accompanied by a corresponding decrease in the conductivity determina¬ 
tions, except to a slight extent in the lower lava. This effect is probably 
partially due to a decrease in conductivity with rising temperature, and 
partially to another cause, possibly connected with climatic changes. 

In the Witwatersrand quartzite (and conglomerate) the geothermic step 
is much greater than in the lavas, on account of the better conductivity. 

2. Doornhoxjtrivibr 

Borehole No. 1 on the farm Doornhoutrivier No. 26, in the Bothaville 
District, is located 3*6 miles ( 6«6 km.) north of the Jaooba hole, its altitude 
being 60 or 100 ft. (15 or 30 m.) less. The ground is flat, sloping gently 
towards the Vaal river in the north. The hole entered Ventersdorp lava 
26 ft. (8 m.) below the surface and passed out of it at 6666 ft. (1727 m,). 
The casing extends down to about 60 ft. (16 m.). 

The lava varies somewhat in appearance. It is generally dense or finely 
crystalline, rarely medium- to coarse-grained. Amygdales are usually 
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present, the amount of non'amygdaloidal lava being about one*third of the 
total, but varying from 0 to 50 % in different sections. The colour is grey 
in different shades, from light grey or light greenish grey to medium grey or 
greenish grey and dark grey. In the first 1000 ft. (300 m.) dark grey is 
dominant, but in the next 2000 ft. (600 m.) light shades hold sway, while 
in the lower jwrtion tfie balance is fairly even between these two and the 
intermediate colours are more in evidence. Small thicknesses of agglomer¬ 
ate, tuff, and tuffaceous quartzite are interbedded in the lava at several 
horizons and two steep dykes occur close together at about 3100 ft. 
(940 m.). 

Only three thermometers were sent down at a time, except in observa¬ 
tion 11, where there were six. From observations 0 to 11 the same three, 
graduated from 0 to 60*^, were used. In observation 11 there were three 
additional thermometers, graduated from 36 to 100'', while in the sub¬ 
sequent determinations these three were used alone. 

One of the thermometers gave unsatisfactory readings in observations 0, 
1, 2 and 4, on account of the mercury running down, and another failed in a 
similar way in observation 12, neither of them being replaced. In these five 
determinations therefore, the accepted temperatures are the mean values of 
only two readings, and the probable errors are equal to half the difierenoes 
between the two readings. When the adopted result is the mean of three 
readings the probable error is assumed to be a quarter of the difference 
between the highest and lowest. In observation 11 the mean temperature 
of the three new thermometers differed by 0-10 from the mean of the three 
old ones, the probable error being increased by 0*05'’. 

Some exposures (in observations 1, 2, 5, 7 and 10) were shorter than 3 hr. 
by varying amounts up to 17 min. This deficiency is allowed for by adding 
0*01 ® to the probable errors. In observation 11 the exposure lasted only 2 hr. 
32 min., and 0-01° is added on this accoimt to the probable error and also 
to the temperature. Except in one case, when it is negligible, the probable 
error is always shown in table 2. 

Observation 0 was made only two days after drilling had stopped. The 
result does not therefore indicate the undisturbed temperature of the rook, 
being apparently much too high, and cannot be used to obtain the true 
geothermic step. 

Between the depths of 60 and 100 ft. (16 and 30 m.) the temperature 
differences are so small and the probable error so large that the geothermic 
step is calculated to the nearest 100 units. Its exact value is of no great 
consequence, as it is subject to seasonal fiuctuatiooos in this section. In all 
other cases it is given to the nearest unit or 6 units, according to the size 
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of the probable error, which is always shown in table 2, when greater than 
unity. 

In the first three sections below 100 ft. (30 m.) the geothermic step 
shows large variations. These were apparently caused by a slow, but con¬ 
tinuous, stream of gas bubbles, issuing from the water, which stood at 
45 ft. (14 m.) below the surface. It is not known at what depth the gas 
enters the hole, but the differences in the geothermic step above and below 
499 ft. (162 m.) and 998 ft. (304 m.), respectively, suggest that it happens 
near these depths. The water used in drilling stopped overflowing at the 
top and fell approximately to its present level after 1050 ft. (320 m.) was 
reached, but the actual depth of the leak was not found, as the core 
did not indicate any cavity. It is probable that the gas enters where 
the water flowed out of the hole, at about 1000 ft. (300 m.), and that 
the temperatures of the water above this point have been afiected 
by the rising bubbles and therefore do not represent the true rock 
temperatures. 

Between 998 ft. (304 m.) and the base of the lava there is an almost 
continuous slow decrease in the geothermic step, from 290 to 224 ft. (89- 
68 m.), the average being 250 ft. (76 m.). This figure agrees with the 
average value for the Ventersdorp lava in the Jacoba borehole (248 ft. = 
76 m.). The effects of the small amounts of other volcanic and dyke rocks 
included in the lava are not apparent. Nor do the colour and the structure 
of the lava seem to have any marked influence. 

In the Witwatersrand quartzite the geothermic step increases to 386 ft. 
(117 m.), whi(!h is almost identical with its value in the Jacoba borehole. 


3. Gerhaedminkkbron 

Borehole G.M.B. 1 on the farm Gerhardminnebron No. 4 in the Potchef- 
stroom District of the Transvaal is situated 17 miles (28 km.) north-north¬ 
east of Potchefstroom in undulating country, at the altitude of 4987 ft.' 
(1620 m.). It is by far the deepest hole in South Africa, the depth drilled 
being 10,718 ft. (3266 m.) and the vertical depth below the collar 9989 ft. 
(3046 m.). It was subsequently deflected at 9900 ft. (3017 m.), the obser¬ 
vations (1,2 and 3) below this depth being made immediately before the 
deflexion and commencing sixteen days after drilling had temporarily 
ceased. The other determinations were begun 72 days after the borehole 
was finally completed* 

The standard of accuracy of the temperature measurements is not 
uniform. In table 3 the results are all given to the second decimal, the 


30-3 



Tabus 3. GEEHABDaoimEBitoir bobehoi^ (G.M.B. 1), Potchefstkoom wstbict 
Altitude . 4987 ft. (1620 no.) 

Itailled . 18. xii. 36-25. i. 38, Deflexion 16. ii. 38-1. iii. 38 

Temperatures measured ... 9 and 10. ii. 38 and 12. v. 38—24. v. 38 
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reliability of this figure boiug indicated by the size of the probable error, 
which is always included unless it is smaller than 0*01°, 

Observations 1, 2 and 3 were made with (the same) three thermometers, 
because the usual container had to be replaced by another which held only 
three. The agreement of the readings was satisfactory, the probable error 
being 0*01° or 0*02°. In all the determinations above 6600 ft. (2000 m.) the 
same six thermometers, graduated from 0 to 00'', were used. Of the six 
instruments two always gave consistent readings, except on one occasion, 
in observation 25. The temperatures indicated by the other four were often 
too low, on account of the running down of the mercury. It has therefore 
been decided to discard the readings of the four defective thermometers, so 
that the accepted temperatures are the mean values of only two 1 ‘eadings, 
with half the difference as the probable error. In observation 26 five 
thermometers were in fairly good agreement, but the temperature recorded 
by the sixth was much lower. This instrument, the mercury of which had 
apparently run down, was one of the two which had not failed before. Its 
reading is therefore discarded and the mean of the other five accepted. This 
is justifiable, as in the following determination (observation 26) all the 
thermometers were in good agreement and, moreover, the mean of the two 
which had previously proved reliable was identical with the mean of the 
others. 

In observations 18 and 19 there were throe of the old thermometers and 
three others graduated from 36 to 100°. The former included the two instru¬ 
ments which had not failed in previous determinations, and the accepted 
temperatures were obtained from the mean readings of these two and of the 
three new thermometers. The next five observations wore made with the 
same six thermometers, all of the new kind and including the three used in 
observations 18 and 19. The large probable errors in these two and in the 
following observation are due to the introduction of the new thermometers. 
Subsequently they are less than 0-01°, and the mean results are considered 
to be accurate to the second decimal place. 

In five observations (2, 8, 10, 20 and 26) the exposure was shorter than 
3 hr., although never by more than 22 min. The error due to this cause con 
hardly be greater than 0*01°, and this amount has therefore been added to 
the probable error. 

The geothermic step is calculated to the nearest 5 ft. and the nearest 
metre, with a few exceptions, and the probable error is always shown when 
greater than unity. 

The borehole is situated in the valley in the Gatsrand, a range of hillfl in 
which the highest points rise about 600 ft. (180 m.) above the surrounding 



Borehole temperatv/re 


465 


country. It is therefore necessary to consider the influence of the topo¬ 
graphy on the geothermic gradient. Lees (1910) has investigated the effect 
of a single range and worked out an equation which can be applied to any 
range of uniform height and shape. The chief topographical features at 
Gerhardminnebron are two parallel ridges rising about 400 ft. (120 m.) 
above the intervening valley and the surrounding plain. At half its height 
each may be taken to be about 1600 ft. (480 m.) wide. One ridge is built 
up of dolomite and chert, and the other of shale and quartzite, which over- 
lie the dolomite and dip away from the valley at an angle of about 12®. The 
borehole site is on the slope of the former ridge, less than 100 ft. (30 m.) 
aljove the bottom of the valley. 

If the effect of the dolomite ridge on the temperatures in the borehole be 
reckoned at a quarter of w’hat it is vertically below the crest, then it should 
cause an increase of 2 % in the geothermic step between the depths of 99 
and 340 ft. (30 and 105 m.), a decrease of 1 % between 350 and 597 ft. (107 
and 182 m.) and an increase of ^ % between 597 and 1096 ft. (182 and 
334 m.). The disturbance diminishes downward and need therefore not be 
considered at greater depths. It is always positive except in the one case 
mentioned. On account of its greater distance the second ridge must have 
a smaller effect than the first. The combined effect of the two ridges thus 
appears to be less than 4, 2 and 1 %, respectively, in the first three sections 
of the borehole, where the probable errors in the calculated geothermic 
step are 4, 13 and 3 %, respectively. Except in the first section the in¬ 
fluence of the topography may therefore be neglected. This result is in 
agreement with Bullard’s conclusion that the correction for topography 
need only be applied in very mountainous country { 1938 , p. 362). It should 
be emphasized, however, that this correction is unusually small in the 
present case, on account of the uncommonly large geothermic step. The 
disturbance is proportional to the difference between the geothermic 
gradient and the mean thermal gradient (lapse-rate) in the air, which is 
regarded as constant. Hence a low geothermic gradient (large geothermic 
step) must have a small effect, which may even vanish or become negative 
in extreme oases, as in the second section of this hole. 

The decrease of the disturbance due to the topography with increasing 
depth means that in the deeper parts of the hole the isogeotherms must be 
very nearly horizontal. The inclination of the borehole, which is not con¬ 
siderable except near the bottom, could therefore hardly have introduced 
any appreciable errors in the calculation of the geothermic step. It is, 
nevertheless, indirectly responsible for another error which cannot always 
be neglected. The deviation from the vertical increases downwards, until it 
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is over 60° at the bottom. As the inolinationi was measured every 600 ft. 
(160 m.), it is not known at intermediate points with sufficient aoouraoy to 
determine the exact vertical depth below the collar in the deepest parts of 
the hole. The error which this uncertainty introduces into the geothermic 
step is generally not large, being estimated at less than 3 ft. or a metre 
above the deflexion, but at 5 ft. or 2 ra. between observations 3 and 2, and 
at 16 ft. or 6 m. between observations 2 and 1. 

The geothermic step in the dolomite above the water table is com¬ 
paratively small, as would be expected in dry and somewhat broken rooks. 
In the first section below the ground-water level it is abnormally large, 
probably as a result of the infiltration of rain water. 

In the succeeding sections of the borehole the geothermic step is at first 
much smaller, after which it decreases more slowly, then remains approxi¬ 
mately constant and subsequently again decreases at an increasing rate. 
Small irregularities are due to the presence of chert, which causes an in¬ 
crease, and of shale and diabase, which have the opposite effect, but these 
disturbances are comparatively insignificant. The large decrease, from 
780 to 310 ft. (235-96 m.), and the changes in the rate at which it takes 
place must be due to other causes. Of these the circulation of water can be 
regarded as the most important, because, although there is usually a down¬ 
ward decrease in other rocks also, it is very much smaller than in the 
dolomite, which alone is suitable for circulation on a large scale. The 
average value below the water table is 382 ft. (116 m.). 

After an unreliable value in the Black Reef series, the geothermic step 
in the succeeding quartzites of the Witwatersrand system is much larger 
than in the last dolomite section. It then again decreases with depth, but 
a minimum is soon reached and subsequently there is an almost continuous 
increase. In the first three sections, from 4236 to 6791 ft. (1291-1766 m.), 
where the quartzite includes only small thicknesses with shale bands, it 
ranges from 470 to 430 ft. (143-131 m.) and averages 446 ft. (136 m.). It 
drops to 300 ft. (91 ra.) in the next section which contains about 34 % of 
felspathic quartzite. There is a further drop to 216 ft. (66 m.) in the follow¬ 
ing section, where all the quartzite is felspathic and considerable amounts 
of shale as well as dyke rocks* are included. From 6834 to 9449 ft. (2082- 
2880 m.) ohloritoid is often an essential component of the quartzite, but no 
other rocks are present in appreciable amount, except in one section where 
there are two igneous bodies, thought to be dykes. They are without 

* Mr R. Borohers of the African and European Investment Company states that 
some of the dyke rooks in this hole are very largely silioified. This accounts for the 
high conduotivitiee found by Dr Bullard. 
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evident effect upon the geothermic step, which increases almost contin¬ 
uously downward, but has a comparatively small range, from 330 to 
365 ft. (100-111 m.). It averages 340 ft. (104 m.), and is thus considerably 
less than in the higher sections. 

In the first three observations near the bottom of the hole, the thermo¬ 
meters were lowered by means of a steel cable, with its own measuring 
wheel, and it is not known ho w closely the depths recorded agree with those of 
the piano wire. It is therefore possible that there is an appreciable difference 
between the depths of observations 3 and 24, b\it it could hardly be large 
enough to account for the whole temperature difference of 0*36°. On the 
other hand, the observations l)elow the deflexion were made only 16 days 
after drilling had stopped, which was probably not long enough for the 
temperatures to return to normal, so that the results obtained cannot be 
accepted as the true rock temperatures. For this reason the geothermic 
step in the two deepest sections of the hole must be regarded as unreliable. 
It is, however, only slightly larger than in the preceding two sections, in 
agreement with the general tendency in the lower quartzites to increase 
slowly downward. 

If there is thermal equilibrium then the geothermic step should be pro¬ 
portional to the mean conductivity in each section of the borehole. As the 
conductivity determinations in the quartzites are not sufficiently numerous 
to determine such mean values, it is not known whether this proportionality 
exists or whether the equilibrium has been disturbed. 


4. Drikfonteik 

Borehole E 3 on the farm Driefontein 118 in the Potchefstroom District, 
is situated 26 miles (42 km.) south-west of Krugersdorp and 17 miles 
(27 km.) east-north-east from the Gerhardminnobron site, at the altitude of 
6123 ft. (1662 m.) in gently sloping country. It is 4129 ft. (1268 m.) deep, 
but the thermometers could only be lowered down to 1926 ft. (687 m.) 
below which depth there was an obstruction where the diameter diminishes. 
The top part of the hole is lined with 10 in. (26 cm.) cosing. The dolomite 
extends down to the depth of 2663 ft. (781 m.). It contains thin beds and 
partings of carbonaceous shale and thin bands of chert, unevenly distri¬ 
buted. As the thicknesses of these rooks did not seem sufficient to cause 
large disturbances, the proportions were not determined. 

The same three thermometers were used for each observation and the 
readings were always satisfactory. In two determinations the exposures 
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were shorter than 3 hr., by 23 and 25 nxin., respectively, and 0*01 has 
therefore been added to the probable error. 

The geothermic step is given to the nearest 6 ft. and 5 m. In the first 
section, which lies partly above the water table and includes some broken 

Table 4. Driefontein borehole (E. 3), Potchefstroom district 

Altitude ... ... ... 6123 ft. (1662 m.) 

I>rilled . 1933-1936 

Temperatures measured ... 29. iv. 37-30. iv. 37 

Vertical depth 

Obser- (== borehole depth) Geothermic step 


vation 

Geologic^ section 

.- 


Temperature 

ft. 


no. 

(depths in feet) 

Soil & boulders 

ft. 

m. 


m. 



67- 






3 

Chert in broken 

99 

30 

18*72 ±0-01 




cavernous 







ground 

146—- 

310 Water level 94 

636 ± 26 

106 ±10 


Dolomitic 






1 

limestone 

496 

151 

19-46 ± 0-02 

645 ± 36 

166 ±10 

2 

with thin 

966 

291 

20-30 ±0-03 




bands of 







chert and 




465 ± 30 

140 ±10 

4 

carbonaceoxos 

1434 

437 

21-33 ± 0-03 

420 ± 25 

130 ±10 

5 

shale 

1926 

587 

22-60 ±0-03 




2563- 


ground, it is slightly smaller than in the next section, after which it de¬ 
creases downward from 645 to 420 ft. (165-130 m.), the average below the 
water table being 466 ft. (143 m.). This downward decrease resembles that 
found at (Jerhardminnebron, but the average there is much less. On© 
obvious reason for the difference is the fact that here the observations did 
not extend to the base of the dolomite, where the smallest values of the 
geothermic step are to be expected. 

6. Doornicloof 

Borehole No. 18 on the farm Doomkloof No. 166, in the Potchefstroom 
District, is situated 23 miles (37 km.) south-west of Krugersdorp and 10 
miles (16 km.) east of the Driefontein site, at the altitude of 5448 ft. 



Borehole iemperature 469 

(1660 m,), on a gentle slope at the northern foot of the Gatsrand, The 
effect of the topography on the isogeotherms is estimated to be approxi¬ 
mately the same as at Gerhardminnebron, where it is not appreciable except 
near the top of the dolomite, and is consequently neglected. 

The hole passes through 31 ft. (9 m.) of soil, 59 ft. (18 m.) of shale and 
quartzite of the Pretoria series, nearly 4000 ft. (1200 m.) of the Dolomite 
series and 40 ft. (12 m.) of Black Reef quartzite, before entering the Wit- 
watersrand system. The Dolomite series consists of dolomitic limestone with 
numerous bands and thin seams of chert and, less frequently, bands and part¬ 
ings of carbonaceous shale. It also contains three thin bodies of dolerite. The 
proportions of chert and shale have not been determined, and it is therefore 
not possible to estimate their effect on the temperatures, which is likely to 
be of the same order as at Gerhardminnebron. As the thickness of dolerite 
does not exceed 3 % in any section it is comparatively insignificant and need 
not be considered. The Witwatersrand quartzites show a progressive down¬ 
ward decrease in grain size, from coarse and medium-grained light grey , 
glassy and sericitic types, with numerous small-pebble-conglomerate bands, 
at the top to fine-grained dark quartzite with interbedded slialy quartzite 
and shale at the base. Between the quartzites the borehole i3as8ed through 
three large thicknesses of intrusive rocks, which are thought to be dykes 
or parts of one dyke. The Dolomite and Black Reef dip at low angles, while 
the mean inclination of the Witwatersrand beds is about 35®. 

The temperatures were obtained from five thermometers, of which three 
were used at a time. These were always the same in consecutive determina¬ 
tions, except when a replacement became necessary on account of a failure 
to register the maximum temperature. One thermometer was replaced after 
observation 9 and a second after it had failed successively in observations 15 
and 16. The new instruments wore both satisfactory. Thus three tempera¬ 
tures were obtained with only two thermometers, but in each case tlie same 
two also gave acceptable readings in both the preceding and following 
determinations. In order to obtain a connexion between the temperatures 
in the upper part of the hole, some of which had to be measured after the 
two replacements, observations 1 and 2 were repeated with the new 
instruments. The mean results of the earlier and later determinations agreed 
to the second decimal in each case. 

In three observations the exposures were shorter than 3 hr. by 10 min. or 
loss. Ample allowance is made for this discrepancy by assuming an increase 
of 0*01® in the probable error. Another exposure (observation 10) lasted 
only 2 hr, 21 min. Additions of 0*01 and 0*02® have therefore been made to 
the reading and to the probable error, respectively. 
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Fg. Q. (and ahO=fizie-grained Witwatersnmd quartzite with bauds of shaly quartzite and shale near ba^. 



472 L. J. Krige 

The temperatures are all given to the second decimal in table 6, the 
standard of accuracy being indicated by the probable error, which is 
omitted when less than 0'01°. The geothermic step is calculated to the 
nearest unit or 5 units, except in the third and fourth sections, where it is 
exceeded by the probable error and is therefore shown in brackets, to the 
nearest 100. 

Above the ground water, which is rather low in this hole, the geothermic 
step is small, averaging only 196 ft. (60 m.). Its greatest numerical value 
occurs immediately below the water table and is negative. The cause of this 
inversion of temperature must be sought in the circulation of the ground 
water, which is likely to be most active near its surface. 

In the succeeding sections there is an almost continuous decrease from 
666 to 325 ft. (201-99 m.), the average below the water table being 473 ft. 
(144 m.). This value is much higher than the average at Gerhardminnebron, 
possibly as a result of more intense circulation. The rapid decrease of the 
geothermic step in the dolomite has been found in other boreholes, in 
addition to the present ones, and seems to be general. 

In the first section in the Witwatersrand quartzite the geothermic step 
is larger than at the base of the dolomite and (apparently) about the same 
as in the intervening Black Reef quartzite, where the value is somewhat 
doubtful. It is much smaller than at the top of the Witwatersrand quart¬ 
zite at Gerhardminnebron. It then remains almost constant till near the 
bottom of the hole, the values in two bodies of intrusive rock and in the 
adjoining quartzites not differing much. In a third intrusive body it shows 
a sharp drop, followed by no appreciable change in the succeeding quartzite, 
which includes some shaly quartzite and shale. 

The intrusive rocks are described in the borehole report from above 
downward, as 

(1) “a fine-grained greyish araygdaloidal dyke”, 

(2) “acid dolerite or basic syenite type with typical porphyritic zones 
liighly reminiscent of the felspar-porphyry zone of the Ventersdorp lavas”, 

(3) “a further body of dyke”. 

There cannot be much doubt that the thermal conductivity of these rooks 
is lower than that of the quartzites, except perhaps in the deepest section, 
where interbedded shale is present. If they formed sills, or dykes sloping at 
a low angle, they should therefore have smaller geothermic steps than the 
quartzites. As this is not the case with the ^t and second intrusive 
bodies, it seems that they must be vertical or steeply inclined dykes, while 
the nature of the third is somewhat uncertain. 

In vertical bodies of rock of small width the flow of heat from the earth’s 
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interior to the surface should adjust itself according to the conductivity of 
the adjoining rocks, so that it is less in bad than in good conductors, the 
isogeotherms remaining approximately parallel. In other words, if a narrow 
vertical dyke has a different conductivity from that of the country rock, 
the flow of heat in each should be proportional to its conductivity, while 
the temperature gradient in the dyke should be the same as in the country 
rock. The determination of the thermal conductivity of both the quartzites 
and the igneous rocks in this borehole should throw some light on the 
subject of heat flow in adjacent bodies of different rocks. 

I wish to express my thanks to the Anglo-American Corporation, the 
Union Corporation, the African and European Investment Company, the 
New Consolidated Goldfields and to Mr Smith, the owner of the farm 
Jacoba, for their cordial co-operation in these investigations and for per¬ 
mission to publish the results. 


SUMMAKY 

live deep boreholes in which temperatures were measured pass through 
dolomite, Ventersdorp lava, Witwatersrand quartzite, intrusive diabase 
and small thicknesses of other rocks. The geothermic step (increase in 
depth per degree C) varies over wide ranges, its mean values being highest 
in the dolomite and lowest in the lava. It is as a rule small above the water 
table, especially in the leached dolomite, and generally largest immediately 
. below this level. 

In the dolomite below the water table the geothermic step is at first very 
large and in one case negative, and then decreases almost continuously 
downward, the lowest value reached being 310 ft. (95 m.) at its base. This 
decrease and the negative result both seem to be due to circulation of the 
ground water. The average below the water-table is 382 ft. (116 m.) at 
Gerhardminnebron, 466 ft. (143 m.) at Driefontein and 473 ft. (144 m.) at 
Doomkloof, 

In the Ventersdorp lava in the Jacoba borehole the geothermic step 
decreases from 346 ft. (105 m.) below the ground-water level to 217 ft. 
(66 m.) near its base, the mean being 248 ft, (76 m.), which is also the 
average at Doornhoutrivier below the first 1000 ft. (300 m,), where the 
temperatures are affected by gas. 

In the Witwatersrand quartzites at Gerhardminnebron the range is from 
470 to 300 ft. (143-91 m.) and the average is 366 ft. (Ill m.). The value is 
380 ft. (116 m.) at Jacoba and 386 ft. (117 m.) at Doornhoutrivier, in both 
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of which holes the thickness of quartzite is small. At Doomkloof the range 
in the quartzite is from 365 to 336 ft. (111-102 m.) and the average 364 ft. 
(108 m.), which is also the mean value in two dykes passing through the 
quartzite. This agreement seems to show that the geothermic step in the 
quartzite is reduced by the presence of the dykes, and vice versa. 
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Heat flow in South Africa 

By E. C. Bxjixard 

Department of Geodesy and Geophysics^ Cambridge 
(Communicated by Professor B. F. J. ScJtonlaml, F.R.8.) 

1. Introduction 

It has been known for many years that the increase of temperature with 
depth on the Witwatersrand is exceptionally slow. The normal gradient 
in Europe and America is about 33‘' C/km., whilst that in the gold mines 
near Johannesburg is only about 10 ° C/km. It has been generally supposed 
that the conductivities did not diiBFer by any large factor,* and that the 
low^temperature gradient indicated a heat flow much less than that in 
other parts of the world. As there is reason to suppose (Jeffreys 1929 ) that 
most of the heat is generated by the radioactivity of a layer of granite 
underlying the continents, and since the principle of isostasy requires 
this layer to be thicker under the African plateau than elsewhere, a greater 
heat flow would be expected in Africa than in Europe. The conductivity 
data are meagre and of doubtful reliability, and it seemed desirable to 

* 0*008 cal ./cm. seo.*^ C has been quoted os typical of European sedimentary rook 8 » 
whilst Lehfold ( 19 x 6 ) obtained 0*0093 for the Witwatersrand quartzites. 
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xuake a systematic study of the question. The temperatures and con¬ 
ductivities in a number of English bores have been studied by Benheld 
in this laboratory, and detailed and accurate temperature measurements 
have been made by Dr Krige ( 1939 ) and Mr Weiss ( 1938 ) in deep boreholes 
in South Africa. When the author was invited to visit Johannesburg os 
a guest of the Bernard Price Institute of Geophysical Research he took 
the opportunity to measure the conductivities of specimens of rock from 
some of the boreholes in which temperature measurements had been made. 
It is the purpose of this paper to describe these measurements and to 
discuss the results. 

As the conditions were exceptionally favourable, both for the tempera¬ 
ture and for the conductivity measurements, the problem has been investi¬ 
gated in considerable detail. It was thought that, in addition to the direct 
int/erest of the results, they may bo useful in indicating the disturbances 
to be feared in cases where no such detailed study is possible. 


2. Method 

The boreholes were 2 ^ in. in diameter, and the cores were cylinders 
ill diameter and about 6 in. long. Each core sample was cut 
perpendicular to its axis with a diamond saw to give disks about 8 , 4 and 
1 mm. thick. These disks were ground flat with carborundum and, where 
suitable, polished. The flatness was tested against a surface plate and with 
a micrometer. There is a tendency to make specimens with convex faces. 
To ensure that they were flat enough they were micrometered in the 
centre and at six points on a 1 in. diameter circle, if the centre measurement 
differed by more than 0-0006 in, (16 x 10 ^^ cm.) from the mean of the 
other six, the flattening process was continued. 

The quartzite cores from the Gerhardminnebron borehole had been 
split longitudinally and one-half assayed. Semicircular specimens were 
prepared from the remaining half. 

The divided bar method was used to measure the conductivities. In 
this method the disk-like specimen is placed between two vertical brass 
bars of the same diameter as itself and heat is supplied at the top end by 
an electric heater and abstracted at the bottom by the circulation of cold 
water. The temperatures at a number of points in the brass bars are 
measured by thermojunctions, and the ratio of the temperature gradient 
in the brass to that in the specimen determined. The conductivity of the 
brass was determined by standardization with crystalline quartz and fused 
silica specimens. The apparatus employed was a copy of that used by 
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Benfield ( 1939 ), except that the bars and specimens were 1-4 in, in diameter 
instead of 1 in. A similar apparatus with semicircular bars was made for 
the semicircular specimens. The advantages of this method have been 
discussed by Benfield. 

As the hard (lolomites and quartzites whose conductivities were to be 
determined were mucli easier objects for measurement than Benfield’s 
shales and sandstones, a rather more thorough investigation of the possible 
sources of error could be made. First, it was established that the tempera¬ 
ture gradient in the bar above the specimen was equal to that in the bar 
below to within less than 1 %, and that heat loss sideways was therefore 
negligible. Next, measurements were made on several specimens at a 
number of different heat flows. A linear relation was found between the 
temperature difference across the specimen and the temperature gradient 
in the bar; and from the departures of the individual observations from 
a straight line the standard error of one temperature observation was found 
to be 0*009'^ C* The best lines tlirough the observed points did hot go exactly 
through the origin, that is to say, when there was no temperature difference 
across the specimen there api)eared to be a small temperature gradient 
in the brass bars. From the mean of all the results from thirteen specimens 
this intercept was found to be 0*009 ± 0*0018° C. Its cause has not been 
ascertained, but the heat flow used in the main experiments was large 
enough to reduce its effect on the individual measurements to about 1 %, 
This error will be largely eliminated in the final results, as it will affect 
the standardization observations in much the same way as the measure¬ 
ments on the rock specimens. A heat flow of about 0*6 cal./seo, was normally 
used. This gives 1 '^ C temperature difference between two thermo junctions 
4 cm. apart in the brass bars, and 5 ° C across a specimen 8 mm. thick and 
of conductivity 0*01 cal./cm. sec. ° C the measurements on a single specimen 
can be made to about 1 %. 

Motor oil was at first used to improve the thermal contact between the 
bars and the specimens, but later a mixture of two-thirds water and one- 
third glycerine was used.* Weighing before and after the measurements 
showed that the mixture was not absorbed by the specimens. From the 
mean of the measurements on nineteen rocks using oil films the combined 
thermal resistance of the two films was found to be 0 * 66 ° C. sec./cal.; 
from twenty-seven rocks with glycerine it was 0*35° C sec./cal. There is 

♦ Water has a thermal conductivity of 0*0016 and glycerine of 0-00068. It is not 
convenient to use water alone as it evaporates. The mixture does not evaporate, 
spreads better than pure glycerine, and has a much higher conductivity than oil 
(about 0-0010 compared to 0*00037). 
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therefore a considerable reduction in the temperature drop at the interfaces 
on using the glycerine mixture, and it is advantageous to use it when the 
rooks are sufficiently impervious not to absorb it. These resistances corre¬ 
spond to thicknesses of about 16 x 10 ”^ cm. for the liquid films; this agrees 
with the thickness determined by collecting and weighing the liquid. With 
the standardizing specimens the tomj>erature drops at the interfaces were 
about 4 times smaller than with the rock specimens: this is due to their 
greater flatness. 

In order to have a check on the measurements of each rock, three 
specimens of different thickness were measured. The conductivity and the 
temperature drop at the contacts were found from the results obtained 
with the thickest and thinnest specimens and the result to be expected 
with the middle specimen calculated. The distribution of the differences 
between the observed and calculated results (expressed as thermal resis¬ 
tances) was 

Obs.-oalc. -0 45 -0*36 -0*25 -0 15 -0*05 +0 05 +0*16 +0-25 +0-35 +0*45 
No. 0 0 7 7 15 8 5 2 I 

In addition there are six specimens giving differences between —0*84 and 
+ M 2 . The latter are clearly affected by some exceptional source of error, 
the measurements on some of them have been repeated and practically 
the same result obtained; the cause of the discrepancy is therefore in the 
specimens rather than in the measurements, and is probably due to one 
of the three specimens having a conductivity very different from that of 
the other two prepared from the same sample or having an internal crack. 

The mean of the above distribution omitting the six outlying values is 
0-019±0*013° C sec./cal. and does not differ significantly from zero; the 
standard deviation is 0-090. Since the resistance of the thicker of the 
three specimens was usually about 8° C sec./cal., this result shows that the 
curvature of the thermal resistance-temperature relation is considerably 
less than 1 %; that is, that the measured conductivity is independent of 
the thickness of the specimen and that the method of allowing for imperfect 
thermal contact is satisfactory. The standard deviation of 0-090° C sec./cal. 
corresponds to a 2-2% error in the measured temperatures, the difference 
between this and the 1 % deduced from the measurements of the individual 
specimens is to be ascribed to small differences in the conductivity and 
flatness of the three specimens made from each rock sample. The dis¬ 
crepancies between the observed resistance of the middle specimen and 
that calculated from the other two were found not to depend on the nature 
of the rock, the thickness of the specimen, or on whether oil or glycerine 


31-2 
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was used. Prom them the standard errors of the conductivity determina¬ 
tions in table 1 were calculated to be 

Dolomite 2-9 % 

Quartzite 3*7 % 

Lava l'^% 

Granite 2*2 % 

The high value for the quartzites is dxie to the specimens being too thin 
for a rock of such high conductivity. These errors do not include that 
due to uncertainties in the standardization of the instrument. The stan¬ 
dardization was relative to crystalline quartz with the heat flowing per¬ 
pendicular to the axis of symmetry. Its conductivity has been assumed 
to be 0’0147 cal./cm." C sec.* at 25"^ C. Gheck measurements were made 
with fused silica; this was found to have a conductivity of 0*00307 at 25“^ C. 
The conductivity of the brass bars was 0*252 ± 0 * 002 , where the standard 
error does not include the uncertainty in the adopted conductivity of 
quartz (see Benfield ( 1939 ) for a discussion of this). 

The conductivity of a plate of rock that is thinner than the grain size 
may differ from that of a thicker plate. For example, consider conducting 
particles distributed in an insulating matrix; a plate thinner than the 
particle diameter will conduct but a thicker plate will be an insulator. 
Thus, the values of the conductivity obtained with a coarsely crystalline 
rock consisting of a mixture of minerals of different conductivity may be 
slightly in error. If the thick specimen is thicker than the grain size, 
it may be shown that the effect is to make the measured conductivity 
and the temperature drop at the contacts too small. The only rooks in 
this investigation that are likely to be affected are the Dubbledevlei granites 
which have crystals of quartz, feldspar and garnet some millimetres across. 
These specimens are the only ones that show an apparent negative tem¬ 
perature drop at the interface. It is therefore possible that the measured 
conductivities of these specimens are 5-10% too low. No correction has 
been applied. 

A number of the specimens have been weighed after soaking in water 
and after heating at 105'" C for some hours. The change in weight was 
always less than 1 %; the rocks are therefore very impervious and the 
conductivity in situ is not likely to differ appreciably from the measured 
one on account of differences in water content. A dolomite (No. 5 of 
table 1 ) was measured in its normal state with oil to make contact, and 

♦ All oonductivitieH in this paper are in these units, which will not bo repeated 
every time. 
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the result was 0*0116; it was then remeasured using the glycerine mixture, 
the result being 0 * 0120 . It was then dried for some hours at 105^^ C and 
remeasured with oil films, the result being 0 * 0122 ; it was then soaked in 
water overnight and gave 0 * 0120 , These results confirm tliat the moisture 
content has no perceptible effect on the conductivity of these rocks. 

The measurements were all made at about 25'^ C; when in the earth the 
temperatures of the specimens were between 20 and 70° C. The conduc¬ 
tivity of most crystals decreases with temperature, the rate of decrease 
for quartz being 1 % in about 4° C. In an extreme case, therefore, the 
measured conductivities may be 10 % greater than those appropriate to 
the bottom of the holes, but the average error will be much less and no 
correction has been applied. 


3. Results 

The measured conductivities of forty-nine samples of rock are given in 
table 1 , with the name of the borehole from which they come, the depth, 
and the nature of the rock. The means are harmonic means (reciprocals 
of means of reciprocals); these rarely dift’er by 0*0001 from the arithmetic 
means. The reasons for preferring them are given below. 

It is clear from table 1 that the variation in conductivity among samples 
of the same kind of rock is much greater than would be accounted for by 
the uncertainties in the measurements on the individual rocks.* Since the 
standard errors given have been derived from the consistency of the 
results for specimens from the same piece of core this must mean that 
specimens taken from several hundred feet apart differ in conductivity 
by considerably more than the errors of measurement, and than the errors 
introduced by the inhomogeneities in the three specimens used in each 
determination. In order to see how far this variation in conductivity is 
correlated with a variation in composition thin sections were made of 
eight of the quartzite specimens and the proportions of the principal 
minerals determined with the integrating micrometer designed by Dr Dollar 
(Dollar 1937 ), to whom I am indebted for its'loan. The proportions of 
quartz by volume are given in the last column of table 1 , the remainder 
consisting mostly of finely divided material which is difficult to identify. 
Mr Partridge, of the Union Geological Survey, found aericite, chlorite, 
calcite, feldspar, rutile, epidote and tourmaline in a section made from 

* The standard deviation for the Jacobs specimens is 6-1%, for the Gerhard- 
minnebron dolomites 7*9%, and for the quartzites 24*7% (the last are further 
subdivided below). 
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Table 1. CoNDtrcrivmBS of rooks 


Diff. 

from 


No, 

Depth 

ft. 

Density 

g./om.» 

Conductivity mean 
cal./cm. sec." C x 10^ 

Nature of rock 

Jacobs Bore 

1 312 

2-808 

0*0073 

-7 

Lava 

2 

670 

2*788 

0*0081 

M 

»t 

3 

1072 

2*821 

0-0080 

0 

rt 

4 

1197 

2*775 

0*0086 

-t6 

ft 


Mean 

2*798 

0*0080 ± 0*00023 

tf 

5 

1337 

2*797 

0*0078 

^2 

Quartz-feldspar porphyry 

6 

2029 

2*837 

0*0084 

-f4 

ft ft 

7 

2261 

2*698 

0*0078 

-2 

»» ff 

8 

2477 

2*728 

0*0076 

-4 

ft ff 

0 

2793 

2*806 

0*0086 

+ 6 

tf If 


Mean 

2*773 

0*0080 ± 

0*0023 

ft ft 

10 

3660 

2*919 

0*0072 

+ 3 

Lava 

11 

4346 

2*917 

0*0008 

-1 

ts 

12 

6166 

2*891 

0*0074 

+ 5 


13 

6065 

2*876 

0*0069 

0 

9f 

14 

6732 

2*819 

0*0063 

-6 



Mean 

2*884 

0*0069 ± 

0*00021 


Gerhardminnebron Bore 

16 100(1 2870 

0*0105 

-4 

Dolomite 

10 

1619 

2*827 

0*0114 

+ 6 

ft 

17 

2032 

2*841 

0*0096 

■ 13 

ft 

18 

2600 

2*846 

0*0120 

•fll 

ft 

19 

2995 

2*844 

0*0120 

til 

ft 

20 

3546 

2*843 

0*0108 

-1 

ft 

21 

3991 

2*865 

0-0106 

-3 

ft 


Mean 

2*847 

0*0109 i 0*00033 

•t 

22 

* 

2*711 

0-0164 

— 

Chert 81 % cryst. quartz, rest dolomite or oaloite 

23 

4190 

3*012 

0*0044 

— 

Black Reef shale 

24 

4194 

2*642 

0*0148 

— 

,* Quartzite 

20 

4640 

2*667 

0-0181 

— 

Witwatorsrand quartzite 

26 

4991 

2*692 

0-0157 

— 

ft tt 73% quartz 

27 

5356 

2*673 

0*0192 

— 

7»o/ 

f* tt fO /o ft 

28 

6024 

2-711 

0*0106 

— 

ff ff 

29 

6203 

2-716 

0-0100 


„ „ (foldspathio) 

80 

6467 

2-772 

0-0066 

— 

Shale 

81 

6616 

2-689 

0-0089 

— 

Witwatersrand quartzite (feldspathio) 72% quartz 

82 

6823 

2-778 

0*0102 


Dvke 

38 

6872 

2*717 

0-0111 

... 

Witwatorsrand quartzite 60% quartz 

34 

7262 

2*090 

0*0149 

— 

»» tt (chloritoid bearing) 

85 

7733 

2*721 

0-0119 

— 

•> tt (chloritoid beating) 

86 

7963 

2*714 

0*0144 

— 

87 

8316 

2*959 

0-0078 

— 

Dyke 

38 

8624 

2-672 

0*0183 

— 

Witwatersrand quartzite (chloritoid bearing) 89 % qnwtz 

30 

8757 

2*672 

0-0179 

— 

ft ff (chloritoid bearing) 

40 

8916 

2*690 

0*0161 

— 

ff ft 76% quartz 

41 

9297 

2-723 

0*0103 

— 

ff tf (chloritoid bearing) 

42 

9686 

2-608 

0*0169 

— 

ff tf (chloritoid bearing) 

43 

9789 

2-708 

0*0146 

— 

ff ff (feldspathic) 71% quarto 

44 

9857 

2*891 

0*0106 

— 

Dyke 

Witwatersrand quartzite (feldspathio) 

45 

9914 

2*720 

0*0100 

— 

Dubbeldevlei Bore 
46 2687-5080 

2*698 

0*0068 

0 

Granite 

47 

4000-4887 

2*647 

0*0073 

*f6 

ff 

48 

ff 

2*636 

0*0067 

-1 

ff 

40 

4892-4034 

2*621 

0*0064 

-4 

ff 


Mean 

2*626 

0*0008 db 0*00018 

ff 


* As no suitable specimen of chert h*om Gerhardminnebron was araQable a specimen from ftSO ft. in a bore 
near Xiohtenberg was used. 
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specimen No. 31. There is a fairly well-marked positive correlation between 
quartz content [p%) and conductivity, the three highest conductivities 
having the three highest quartz contents, and the three lowest conductivities 
the three lowest quartz contents. The conductivity is given by 

k ^ 0-0221 - 0-00029(p - 100). 

Thin sections were also made of the granites Nos. 46, 47 and 49. These 
contained about 30% quartz, 64% orthoclase and 6% mica by volume. 
Sections of the Gerhardminnebron dykes showed them to be much silicified 
and decomposed dolerites.* 

In the calculation of heat flow we require the mean conductivity over 
some hundreds or some thousands of feet of core. If the borehole log shows 
long apparently homogeneous sections the best method of estimating this 
mean is to divide the core according to the lithological changes and to 
assume that each of the measured conductivities in one of these sections 
occurs over an equal length. That is, the harmonic mean of the measured 
conductivities in an apparently homogeneous section of the borehole is 
taken.f The standard error of the mean conductivity is estimated from 
the deviations of the individual values from the mean. Straight lines are 
then fitted to the temperatures in each section and the heat flows calculated. 
If the different sections agree it is to be presumed that none of them is 
affected by disturbances such as climatic changes or water circulation. 
A better value of the heat flow H may then be obtained by combining 
all the observations. If T be the temperature at depth /), 

<•> 

where h is the thermal conductivity and is a constant. If the integral 
be replaced by a sum EDjk over the homogeneous sections (1) gives a linear 
relation between the measured quantities T and EDjk from which the 
constants and H may be found. J The residuals from this solution are 
then examined for systematic variations. In this way aU the measurements 
of T and k are used to find H, and only one other unknown, Tq, is introduced 
into the solution. This method is superior to taking the mean H from the 

* 1 am indebted to Mr Odell for help in this part of the work. 

t Allowance for shale bands, dykes, and the like is easily made when their con* 
duetivity is known. 

X If there is a surfeuie layer of unknown conductivity it may, for convenience of 
computation, be assigned any arbitrary conductivity without affecting H provided 
we reject the temperature measurements in this layer. 
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solutions in each section; for we then have a different for each section, 
and, since the mean residual is necessarily nearly zero for each section, 
possible systematic variations are obscured. In fitting the straight lines (1) 
we have used Eddington’s approximation to the least squares solution 
(in this method the observations are divided into three groups and the 
mean residual for the two outer groups made equal to each other and to 
half the residual of the middle group). 

An alternative method of solution would be to divide the hole into 
ranges each containing one conductivity measurement and to adopt that 
conductivity for each range. If this method were used we should have 
no means of knowing how well the measured conductivities represent the 
means for the ranges, whereas if the ranges contain several measured 
values their scatter gives an indication of the uncertainty in the mean. 

Borehole Jacoba No. 3. For the first 135 ft. this hole passes through 
surface soil, Karroo, and decomposed Ventersdorp Lava. We have no 
conductivity measurements in this part of the hole and will not consider 
it further. From 135 to 1276 ft. the rock is a greenish lava, below this 
there is feldspar-quartz porphyry to 2776 ft,, then greenish lava again 
to 7032 ft. Below this come Witwatersrand quartzites to the bottom of 
the hole at 7387 ft. Four conductivity determinations were made on the 
upper lavas (table 1, Nos. 1-4). They show no systematic variation with 
depth, and we therefore adopt the mean 0*0080 ±0*00023. The five speoi' 
mens of feldspar-quartz porphyry also give a moan of 0*0080 ±0*00021, 
and the five specimens of the lower lavas give 0*0069 ± 0*00021. The thick¬ 
ness of quartzites penetrated is too little to give an independent estimate 
of the heat flow. The straight lines through Dr Kxige’s temperature 
observations and the derived geothermal intervals and heat flows are 

157-1276 ft. r- 19*l6 + 3*69±0*12x 10-®A 
271 ± 8*8 C, 12*10 ± 0*39° C/km., 0*97 x 10“« oal./cm.* sec. 

1276-2776 ft. T = 19*11 + 3*69 ± 0*06 x lO^^A 
271 ± 4*4 ft./" C, 12*10 ± 0*20° C/km,, 0*97 x 10“« cal./cm.* sec. 

2770-7032 ft. T = 17*16 + 4*29 x lO-^D, 

233 ft./" C, 14*07" C/km., 0*97 x l0“-« cal/cm.® sec. 

The exact agreement of the heat flows is, of course, fortuitous. The 
residuals from these solutions are shown in column 4 of table 2 (solution I). 
Those for the upper lavas and for the feldspar-quartz porphyries are quite 
satisfactory (standard errors 0*097 and 0*067" C). The lower lavas show 
a clear systematic trend from +0*31"C at the top to a minimum of 
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— 0*24® C at 6130 ft. and then to +0*22° C at the bottom. If this range 
be divided into two parts we have the following solutions: 

2776-6130ft. ?*= 17-94 + 4-08X 10-»A 
246ft./°C, 13-39° C/km., 0-92 x 10-« cal./cm.* sec. 

5130-7032 ft. T = 16-62+ 4-64 x 10-»A 
220 ft./° C, 14-89° C/km., 1-03 x 10-« cal./cm.* sec. 

As the three ranges have given the same heat flow we combine them 
allf into one solution. Column 3 of table 2 gives ZDjk and column 6 the 
residuals from the solution (solution II), 

y = 19-18 + 2-903 X 10 -“rD/ife, U = 0-96 x 10-« cal./cm.* sec. 


Table 2. Temperatures in the Jacoba bore 


ObH. —calc. C 


Depth 

Observed 

temp. 

£Dlk 

Solution 

Solution 

ft. 

‘^0 

X 10“* 

I 

II 

60 

19*50 

62 

— 

( + 0*14) 

100 

19*60 

125 

— 

( + 0*06) 

167 

19*86 

196 

+ 0*12 

+ 0*11 

437 

20*67 

605 

-0*10 

+ 0*02 

717 

21*76 

896 

-0*06 

-0*02 

997 

22*86 

1246 

+ 0*02 

+ 0*06 

1276 

23*88 

1696 

l + ooi 
t +0*06 

+ 0*07 

1779 

26*63 

2224 

-0*04 

-0*01 

2086 

26*76 

2608 

-0*06 

+ 0*01 

2281 

27*60 

2861 

-0*03 

+ 0*04 

2776 

29*38 

3470 

r + 003 
1+0*31 

+ 0*13 

3244 

31*16 

4148 

+ 0*07 

-0*07 

3713 

32*97 

4828 

-0*12 

-0*23 

4181 

34*94 

6606 

-0*16 

-0*22 

4663 

36*93 

6190 

-0*19 

-0*22 

6130 

38*93 

6882 

-0*24 

-0*23 

6607 

41*04 

7673 

-0*17 

-0*11 

6083 

43*22 

8263 

-0*04 

+ 0*05 

6660 

46*42 

8964 

+ 0*12 

+ 0*26 

7032 

47*66 

9638 

+ 0*22 

+ 0*39 

7269 

48*16 

9797 

— 

+ 0*61 

7312 

48*29 

9834 

— 

+ 0*63 


♦ In this and the succeeding tables £D/k is in ft, cm, ® C sec./cal. 


t We have no measuremouts of the conductivity of the quartzites in this hole 
but adopt 0*013<I, the mean from Gerhardminnebron. As there is only 200 ft. of them 
an accurate value is not needed. 
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They are satisfactory except for the systematic curvature in the lower part 
that has already been referred to. This might be due either to a difference in 
the heat flow at different depths or to a constant conductivity having been 
assumed over too great a range; it would be removed if a conductivity of 
0*0073 were assumed from 2776 to 5130 and 0*0066 from 5130 to 7032, The 
means of the first three and last two observed values are 0*0071 and 0*0066; if 
the means were taken in this way there would be practically no anomaly. The 
observed variation can therefore be accounted for by changes in the conduc¬ 
tivities that are within the permissible limits, and there is no evidence for a 
variation of heat flow with depth. The scatter of the measured conductivities 
is, however, too great for it to be said with certainty that the conductivities 
in the two ranges do really differ, and it seems best to accept the above 
solution rather than to force an agreement. The scatter of the observed 
points is due to errors in the temi>erature measurements and to changes 
of conductivity over short distances, the systematic trend is due to the 
adopted mean conductivities not representing the actual mean conduc¬ 
tivities over long stretches of the hole. It is clear that the latter is by far 
the most important cause of error in the derived heat flow, and we therefore 
compute the standard error of H from the standard deviation of the 
individual conductivities (table 1); this standard deviation is 0*00046 (6%) 
and gives 0*00012 for the standard error of the mean conductivity through¬ 
out the hole. The standard error of H found from this is 0*015 x 10“"® cal./ 
cm.® sec., and we have for the final result from this hole 

H = 0*96 ± 0*016 X 10'^® cal./cm.® sec. 

The dotted line in figure 1 shows what would be obtained with a hole 
having the adopted mean conductivities and a heat flow of 0*966 x 10*®. 
This shows that the standard error deduced from the scatter of the con¬ 
ductivities gives a reasonable estimate of the errors that would be deduced 
from a consideration of the differences between the observed and computed 
temperatures.* The residuals may give an exaggerated view of the im¬ 
portance of the differences between the observed and calculated tempera¬ 
tures; the actual temperatures and the calculated curve are therefore also 
shown in figure 1. 

Doornhmdriviet. This borehole, which is 3*5 miles from Jacoba, is 
6028 ft. deep and passes through 6661 ft. of Ventersdorp lava, into 
Witwaterarand quartzites. I>r Krige’s temperature measurements are 
given in table 3. There is a stream of gas bubbles from about 1000 ft. 

♦ Tlie standard error cannot be computed from these by the ordinary process os 
tliey are clearly not independent. 
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depth (ft.) 


Figure 1 . Temperatures in Jocoba bore. 

• Observed temperatures (left-handscale);-solution II; O obs.-calc. (solutionII) 

(right-hand scale);-calculated temperatures on increasing assumed heat flow 

from 0*95 to 0*966 x lO"** cal./cm.® sec. 

Table 3. Temperatxtres m the Doornhoutriviee bore 


Depth 

Temp. 

Obs. — calc 

ft. 


"C 

60 

20-47 

(-fl‘27) 

100 

20-66 

( + 1*17) 

499 

21*24 

( + 0*26) 

998 

23*27 

+ 0*28 

1496 

24-98 

+ 0*01 

1995 

26*87 

-0*09 

2494 

28*80 

-0*14 

2991 

30*79 

-0*13 

3490 

32*74 

-0*17 

3989 

34-72 

-0*18 

4647 

36*96 

-0*17 

5104 

39*42 

+ 0*06 

6667 

41*89 

+ 0-33 

6990 

42*76 

— 

6016 

42*91 

— 
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which may have disturbed the temperature distribution in the water in 
the higher part of the hole; the temperature measurements at 50, 100 
and 499 ft, have therefore been ignored. There are no conductivity measure¬ 
ments on the core from this bore, but as it is so near Jacoba the conduc¬ 
tivities found there may be used. The mean (0-0074) for the first four and 
the last five specimens from Jacoba was used (there is no porphyry at 
Doornhoutrivier). The temperature measurements give 

T = 19-00 + 3-987 x lO^^D, 251 ft./° C, 

13-08^ C/km., 0-97 x 10~« cal./cm.® sec. 

The residuals sliow a well-marked curvature, the gradient being less in 
the upper part of the hole. It is probable that this is due to a decrease 
of condu<;tivity with depth similar to that found at Jacoba where the top 
lavas gave 0*0080 and the bottom 0*0069. If we arbitrarily divide the 
hole into two sections above and below 3490 ft. we get 

998-3490 ft., T ^ 19-37 -h 3-833 x 10 
261 ft./^ C, 12*58‘^ C/km., 1*01 x 10 « cal./cm.^ sec. 

3490-6657 ft., T = 17-87 + 4-226 x 10’»/), 

237 ft./° C, 13-86° C/km„ 0-96 x 10“^ cal./cm.^ sec. 

A distribution of conductivity similar to that found at Jacoba thus some¬ 
what over-correots the curvature (the heat flow is now greater in the 
upper part), but the agreement is as good as can be expected when the 
conductivities have to be inferred from those in another hole. The last 
two readings are in Witwatersrand quartzites with shaly partings. A 
conductivity of 0-0107 for these would give a heat flow of 0*97 x 10"^, 
this is quite a reasonable value for a shaly quartzite (cf. Gerhard- 
minnebron). We may take 

H = 0-97 ± 0-06 X lO"® cal./cm.* sec. 


as the mean result. 

Oerhnrdminnebron. This hole passes through 4171 ft. of dolomite and 
6813 ft. of quartzites with thin shales and dykes. Except for 67 ft. of 
Black Reef at the top, the latter belong entirely to the upper part of the 
Witwatersrand system (see Krige’s paper for a detailed section). The 
Black Reef lies directly on the eroded surface of the Witwatersrand rocks, 
the Ventersdorp lava being absent. The conductivity of the dolomite 
shows no systematic change with depth, and the mean 0*0111 ±0-00033 
has been used. The proportion of chert in each interval between the 
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temperature meaaurements was determined,* and the conductivities calcu¬ 
lated. Using these results, the best straight line through the observed 
temperatures is 


T = 18-86 + 2-89 X H = 0-95 x 10~« cal./cm.^ sec. 


The 99 and 346 ft. temperature measurements have not been used as the 
rock is weathered. The residuals, which are given in column 4 of table 4, 
show a systematic curvature, and from this and from the uncertainty 
in the mean conductivity the standard error of the heat flow may be 
estimated at 0-04 x 10 

The Black Reef consists of 58 ft. of quartzite of conductivity 0-0148 
(table I, No. 24) and 8J ft. of shale of conductivity 0*0044 (table 1, No. 23). 
The harmonic mean conductivity is therefore 0*0116. 

The Witwatersrand quartzites show a range of conductivities from 0*0089 
to 0-0181, which is much larger than the range for the Dolomite or Ventersdorp 
lavas. From information supplied by the African and European Investment 
Company, Ltd., the qtiartzites may be classified as “foldspathic”, “non-feld- 
spathic^’ or ‘^chloritoid bearing”. The harmonic means of the conductivities 
are 


Feldspathic (juartzites (4 8f)ecimens) 

Non“feldspathic quartzites (7 specimens) 
Chloiitoid bearing (6 specimens) 

Mean of all except feldspathic (13 specimens) 
Mean of all (17 specimens) 


0-0107 + 0-0012 
0-0142 + 0-0012 
0-0156 + 0-0009 
0-0148 + 0-0008 
0*0130 


There is no evidence for a difference between the chloritoid bearing and the 
non-feldapathic groups but the feldspathic are definitely lower than either of 
the others. We have therefore treated the feldspathic quartzites separately 
from the rest in taking the means, but have combined the non-feldspathic 
and chloritoid bearing. The conductivities of the quartzites do not vary in 
a randotn way down the hole and we have adopted the following mean 


conductivities: 


Depth 

k 

4237-"6792 

0-0176 

6807-6135 

0-0106 

6136-6836 

0*0096 (feldspathic) 

6835-8299 

0-0129 

8299-9774 

0-0167 

9774-9917 

0-0126 (feldspathic) 


* I am very grateful to Mr P. J. Rossouw of the Union Geological Siuvey for 
carrying out this very tedious pioo© of work; until it had beon done it was impossible 
to be sure that the curvature of the temperature-depth relation in the dolomite 
was not to be ascribed to variations in the proportion of chert. The proportion of 
chert varied from 0 to 11 %; the mean was 6 %, 
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Low values are found in the neighbourhood of the shale bands around 
6500. These are presumably due to an admixture of shaly matter with 
the quartzites. The mean conductivities in each of the intervals between 
Krige’s temperature measurements were estimated, using the above mean 
conductivities for the quartzites and the measured ones in table 1 for the 
shale bands and dykes,* The mean conductivity of the whole section is 
0*0135, which is practically equal to the harmonic mean of the conduc¬ 
tivities of all the quartzite specimens (0*0136). With these conductivities 
the temperature observations from 4236 to 9449 ft. give 

T « 15*07 + 3*907 X II=h28± 0*025 x 10”® cal./em.^ sec. 

The temperatures and the residuals from this solution are shown in figure 2 
and in table 4 (solution II). The calculated temperatures follow the ir¬ 
regularities in the observed curve remarkably well for the whole Wit- 
watersrand section, the only systematic difference being a slight deficiency 
in the calculated temperature between 9000 and 10,000 ft. This is within 
the errors which might be caused by errors in the adopted mean oonduc-- 
tivities. If this solution is extrapolated upwards to the Dolomite section 
of the hole, very large discrepancies at once arise, as is shown by the large 
difference in the heat flow of 0*95 x 10~® found for the Dolomite and that 
of l*28xl0"~® for the Witwatersrand. The cause of this discrepancy is 
discussed below. 

Driefontein. Dr Krige has made five temperature measurements in this 
hole between 99 and 1926 ft. From the surface to 146 ft. the rock is 
described as ‘‘soil, boulders, chert, and chert brecchia in broken and 
cavernous ground”; we therefore neglect the 99ft. temperature reading. 
The other four points lie on the straight line 

T = 18*29 + 2*15 X 465 ft.f C, 7*05^ C/km. 

with residuals +0*04, -0*04, -0*07 and +0*07 ; there is perhaps some 
tendency for the temperature gradient to increase with depth. If the 
conductivity of the Dolomite with its chert be taken as 0*0110 as at 
Gerhardminnebron, and we allow for a 40 ft. shale band, the mean con¬ 
ductivity is 0*0107 and the heat flow 

H = 0*75 ± 0*06 X 10“® cal./cm.® sec., 

where the standard error has been increased to allow for the uncertainty 
in using the Gerhardminnebron conductivity. 

♦ Where the record gives “quartzite with shale bands” we have taken one-third 
shale and two-thirds quartzite. 
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Doornkloof This borehole ha^ 90 ft. of shales and quartzites of the 
Pretoria series underlain by Dolomite from 90 to 4060 ft., Black Reef from 
4060 to 4100 ft. and Witwatersrand quartzites and shales from 4100 to 
6336 ft. It is therefore very similar to the Gerhardminnebron section except 



Figure 2, Temperatures at Gerlxardminnobron. 

I Observed temperatures;-(left-hand scale), solution II; 

O (right-hand scale), observed-calculated temi^eratures. 

for the lesser thickness of the Witwatersrand quartzites. There are con¬ 
siderable thicknesses of dykes (see detailed section in Kri^e’s paper). The 
temperatures in the Dolomite (neglecting the top reading which is in 
weathered rock) give 

T = 19-42 -I- 1-93 X 10-*A 518 ft./" C, 6-33" C/km. 

Taking the conductivity of Dolomite with its chert as 0-0110 as at Ger- 
hardminnebron, the heat flow would be 0-70 x 10“< cal./om.* sec., but the 
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Table 4. Tsmfebatubes ik the Gebhabbminkbbbok bobb 



Observed 


Obs.- 

calc. * C 

Depth 

temp. 

rnik 



ft. 


X 10* 

Solution I 

Solution 11 

99 

1904 

89 

(-0-01) 

( + 3-62) 

346 

2003 

312 

( + 0-34) 

( + 3-74) 

350 

2003 

315 

+ 0-33 

+ 3-73 

697 

20-36 

533 

+ 0-02 

+ 3*19 

1096 

21-49 

977 

-013 

+ 2-60 

1594 

22*78 

1427 

-0-14 

+ 2-13 

2092 

24*09 

1876 

-0-12 

+ 1-69 

2589 

26*38 

2329 

-014 

+ 1-21 

3086 

26-76 

2783 

- 0-07 

+ 0-81 

3637 

28-30 

3293 

-0-01 

+ 0-36 

4170 

30-04 

3787 

+ 0-31 

+ 0*17 

4236 

30-18 

3845 


+ 0-08 

4733 

31-24 

4128 

— 

+ 0-04 

5232 

32-40 

4432 


+ 0-01 

5791 

33-68 

4751 


+ 0-04 

6306 

35-40 

6267 

.— 

-0-22 

6834 

37-86 

5853 


-0-08 

7346 

39-41 

6251 


->0*09 

7837 

40-91 

6632 

_ 

-0-08 

8298 

42-27 

6990 


-0*12 

8713 

43-49 

7285 

.— 

- 0*05 

9103 

44*56 

7620 

— 

+ 0-10 

9449 

46-54 

7729 

...... 

+ 0-27 

9841 

46-58* 

7981 

.— 

+ 0*32 

9916 

46-78* 

8044 

— 

+ 0-28 


* O'SB** C has been addud to those two readings to make them consistent with 
the 9449 ft. readings (see Krige 1939 , p. 467). 


differences between the observed and calculated temperatures show a range 
of 0-99'’ C and clearly do not correspond to anything approaching a steady 
flow of heat upwards (table 6, solution I). 

The lower part of the hole gives a very good straight line 

T-16-17 + 2-88 ±0-026 xlO-»D, 347 ft./® C, 9-46° C/km. 

The standard error of a single point being only 0-064° C (table 6, solu¬ 
tion II). If we combine this with the mean conductivity of the Witwaters- 
rand section from Gerhardminnebron (0-0136) we get a heat flow of 
1-28 X 10-« cal./cm.* sec. A more elaborate reduction was made allowing 
for the proportions of quartzites, shaly quartzites and dykes in the various 
sections. The result was 

T =“ 16-34 +3-50 X 10~^£Dfk, 1-16 x 10“® cal./ cm.® sec. 
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This did not fit the temperature observations as well as the simple solution 
(see table 6, solution III), apparently because iffe 423 fb. dyke from 
6640 to 6963 ft. has a higher conductivity than the mean of the Gerhard- 
minnebron dykes (0'0093). In view of the uncertainty caused by this we 
adopt 1'20 ± 0-10 X 10~*. If either ofthese solutions is extrapolated upwards 
to the part of the hole which traverses the Dolomite, large discrepancies 
appear, as at Gerhardrainnebron (see table 6). 


Table 5. Temperattirks in the Doornklooe bore 


Depth 

Observed 

temp. 

XD/k 

ft. 

"C 

X 10* 

100 

18-66 

90 

365 

19-96 

329 

492 

20-67 

443 

496 

20-68 

447 

599 

20-63 

640 

1097 

21-38 

989 

1595 

22-22 

1442 

2093 

23-20 

1894 

2592 

24-14 

2344 

3089 

25-26 

2792 

3588 

26-50 

3243 

4059 

27-95 

3676 

4099 

28-06 

3702 

4816 

29-48 

4051 

5131 

30-92 

4399 

5239 

31-23 

4615 

5538 

32-12 

4717 

5961 

33-31 

5172 

6135 

33-81 

6290 

6207 

34-07 

6367 

6282 

34-34 

5446 


Obs. — calc. " C 

Solution 

Solution 

-^ 

Solution 

I 

11 

III 

(-0-96) 

— 

+ 3-00 

-0-16 

— 

+ 3-47 

+ 0-30 


+ 3-78 

4-0-30 

...... 

+ 3-77 

+ 0-06 

— 

+ 3-40 

-0-16 

— 

+ 2*68 

-0*28 

— 

+ 1-83 

-0-26 

— 

+ 1-23 

-0-28 

— 

+ 0-60 

-0-12 

— 

+ 0-15 

+ 0-16 

— 

-0-19 

+ 0-70 

+ 0-08 

-0-25 

— 

+ 0-07 

-0-24 

— 

+ 0-02 

-0-04 

. 

+ 0-06 

+ 0*18 

— 

-0-03 

+ 0-09 

— 

0-00 

+ 0-27 

— 

-0-03 

-0-11 

— 

-0-03 

-0-02 

— 

+ 0-02 

-0-03 


+ 0-08 

-0*04 


In both the Gerhardrainnebron and the Doornkloof bores the heat flow 
is much less in the Dolomite than it is in the underlying quartzites. Two 
explanations might be suggested for this. First, one might suppose that 
there had been a climatic change and that the heat flow in the upper part 
of the hole was therefore disturbed; or secondly, one might suppose that 
the heat flow in the upper part of the hole had been disturbed by the 
circulation of water in fissures. The first explanation seems unlikely to 
be correct, since the change in heat flow sets in sharply at the boundary 
of the dolomite and the quartzite; also other holes in the same area, such 
as Jsiooba, Doomhoutrivier and Reef Nigel show the same heat flow at 


VoL 173- A. 


Sa 
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all depths. Of the rooks oonoemed the Dolomite is obviously the most 
likely to be affected by circulating water; the difficulties caused by water 
in the sinking of shafts through it are notorious. On the farm Gerhard- 
minnebron there is a spring delivering 13 million gallons per day (Nel, 
Frommurze, Willemse and Haughton 1935). 

Suppose w g. of water to flow vertically every second from a depth D at 
which the temperature is T to the surface where it is zero. The water 
gives out wT cal./sec. The heat flow by conduction is fcT/D cal./cm.®sec., 
where k is the thermal conductivity of the rock. The ratio of the heat 
carried by the water to that conducted is therefore wDjk, If i « 0*01 
and i) = 1 km. and w « 10^* g., this is 10%. Thus if 10”® g. of water per 
sec. flows up or down from every cm.^ of the surface, the heat flow will be 
disturbed by 10%. 10”® g./cm.^ sec. is equivalent to 0*32 g./cm.® year, or 
0*54 % of the rainfall at Gerhardminnebron. To account for the discrepancy 
1*5 % of the rainfall would have to flow down to the bottom of the Dolomite. 
Since water does not, on the average, accumulate underground, it must 
flow down in one place and up in another. Presumably rain falls on a 
piece of country, sinks into fissures and flows through them to emerge at 
a lower place as a spring. Most of the water will flow in the upper hundred 
feet or so where the fissures have been enlarged by solution, but if the open 
fissures extend to the bottom of the Dolomite some of the water will flow 
down and up again precisely as an electric current, when it travels through 
a conductor, does not all travel by the shortest route. In a process where 
small flows of water percolate through numerous small fissures the water 
would have the same temperature as the rock at every stage of its journey. 
Hot springs can only be produced where the flow of water in a single channel 
is large enough for it to maintain a temperature greater than the surround¬ 
ing rock. Moreover, most of the water flow takes place near the surface 
and this cool water would dilute a small amount of warm water from 
below. 

This explanation of the low temperature gradient in the Dolomite also 
accounts qualitatively for the variation in temperature gradient between 
the nearby holes at Gerhardminnebron, Doomkloof and Driefontein, and 
for the apparent increase of their heat flow with depth. If, as seems very 
probable, this explanation is correct, the heat flows in the Dolomite at 
Gerhardminnebron, Doomkloof and Driefontein should be disregarded. It 
is unlikely that any appreciable proportion of the rainfall finds its way 
to great depths in the other rocks considered; this is confirmed by the 
constancy of the heat flow with depth. It will clearly be wise to avoid 
bores in dolomite or limestone in future work. 
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Dubbddevlei bore. This bore, which is about 500 miles south-west of 
the others, is of considerable interest, as it shows gradients from 3 to 5 times 
those on the Witwatersrand. It passes through Karroo sandstones and 
shales from the surface to 2137 ft., where it enters grits which are doubtfully 
correlated with the Fish River series; at 2687 ft. it passes into the “Old 
Granite” and continues to 6080 ft. The descriptions of the strata passed 
through are vague and samples were only available of the granite part. 
The depths from which they came are not known, and we adopt the 
harmonic mean 0-0068 + 0-00018. Table 6 gives the observed tempera¬ 
tures (Krige 1924) and their residuals from 

T = 36-21+ 6-79 +0-07 X 10-9X>, 147 ft./° C. 22-3° C/km. 

Table 6. Temperatures in the Dubbeldevlei bore 


Deptti 

Observed 

temp. 

Obs. — calc. 

ft. 



2797 

55-35 

4*0*16 

3007 

66*65 

4*0*02 

3509 

69*86 

-0*19 

3762 

61*86 

4*0*16 

4011 

63*35 

-009 

4266 

65*06 

-0*06 

4612 

66*70 

-0*15 

4763 

68*46 

-0*03 

4912 

69*76 

•f 0*19 


There is no systematic departure from a straight line and the standard 
error of one observation is 0-14° C. This is partly due to errors in measuring 
the temperatures (which depend on one thermometer) and partly to varia¬ 
tions in conductivity. It gives a standard error of 1 % to the temperature 
gradient and to H. The standard error of H from the scatter in the conduc¬ 
tivities is 2-7 %. The heat flow is therefore 

1-62 ± 0-044 X 10~* cal./cm.* sec. 

The mean gradient in the part of the hole above the granite is about 
41° 0/km. This would require a conductivity of 0-0037 to give the same 
heat flow as the lower part. Such a conductivity is quite a reasonable value 
for the Karroo shales (cf. Benfield’s values for Scottish coal measure shales). 
Anderson (1934) has also discussed this bore. 

Se^-Nigel bore. Temperature measurements have been made in this 
hole by Weiss (1938) using a resistance thermometer. The first 100-200ft.are 
in dolomite; this part will not be considered further. Below this comes 
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Ventersdorp lava to 1400 ft., then Witwatersrand quartzites to the bottom 
of the hole. Down to 3050 ft. the latter are fairly free from dykes (67 ft. 
or 4*1 % of dolerite between 1400 and 3060 ft.). Below this there are great 
thicknesses of dolerite (933 ft. or 62*2 % between 3060 and 4660 ft.). We 
therefore discuss the temperature measurements in three sections. 

First, the twelve measurements between 300 and 1400 ft. give 

17*72+ 4*22 ±0*062 X lO-a, 237 ± 2*9 ft./^ C, 13*86 ± 0*18° C/km. 

The differences between the observed temperatures and this expression 
(column 4 of table 7) show no systematic trend (six changes of sign in 
twelve values), and the standard error is only 0*069'^ C. K the mean 
conductivity of the lavas is assumed to be the same as at Jacoba (0*0074), 
a heat flow of 1*02 x 10'“® cal./cm.^ sec. is obtained. 

The eighteen measurements between 1400 and 3050 ft. rejecting the 
reading at 1900 ft. give 

T = 20*29 + 2*46 x 10-»D, 406 ft./^ C, 8*07^ C/km. 

The differences between the observed temperatures and this expression 
show a definite curvature, the rate of increase of temperature decreasing 
with increasing depth, this is presumably due to variations in the conduc* 
tivity of the quartzite similar to those found at Gerhardminnebron. The 
standard error of one observation (calculated from the residuals without 
allowing for the curvature) is 0*070® C. If the conductivity of the quartzites 
be taken os 0*0136 and of the dolerites as 0*0094 the heat flow is found to 
be 1*08 X 10“® cal./cm.2 sec. 

The bottom section of the hole has a large proportion of dolerite whose 
mean conductivity is very uncertain owing to only three specimens having 
been measured (Nos. 32, 37 and 44 in table 1 from Gerhardminnebron), 
The eighteen temperature measurements between 3050 and 4560 give 

T 19*18 + 2*81 ± 0*084 x 10“»A 366 ± 10 ft./® C, 9*22 ± 0*27® C/km. 

The standard error of one observation is 0*062® C and there is no systematic 
trend. Assuming the conductivities of quartzite and dolerite to be 0*0136 
and 0*0094, the mean conductivity is 0*0106 and the heat flow is 0*98 x lO*^ 
cal./om.® sec. The solution from all points between 300 and 4550 ft. (rejecting 
that at 1900 ft.) is 

T = 17*78 + 3*151 X 10“®rD/A:, H « 1*03 x 10"*« cal./cm.* sec. 

The standard error is 0* 13® C; the residuals are given in column 6 of table 7 
(solution II) and EDJk in column 3. 
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Table 7. Tbmpebatuebs in the BBEE-XiaEL bobb 


Observed Obs.—oaio. *C 


Depth 

temp. 

£Dlk 


--^ 

ft. 


X 10» 

Solution I 

Solution II 

ICO 

18*12 

(135) 

(-0-02) 

{-"0-09) 

200 

18*32 

(270) 

(-0-24) 

(-0-31) 

300 

19-10 

405 

+ 0-11 

+ 0-04 

400 

19*42 

640 

-f 0-01 

-0-06 

600 

19-76 

676 

-0-07 

-0-16 

600 

20-20 

811 

-006 

-0-14 

700 

20-70 

946 

+ 0-03 

- 0-06 

800 

21-13 

1081 

4- 0-03 

-0*06 

900 

21-64 

1216 

~ 0-02 

- 0-07 

1000 

21-89 

1361 

•~0-06 

-0-16 

1100 

22-43 

1486 

+ 0-07 

-0-03 

1200 

22-77 

1621 

-^001 

-012 

1300 

23-14 

1760 

->0-07 

-0-17 

1400 

23-66 

1880 

(4-0-02 

- 0-05 




] -0-08 


1600 

23-92 

1966 

^006 

-0-02 

1600 

24-11 

2030 

--012 

-0-07 

1700 

24-43 

2103 

-0-04 

+ 0-02 

1800 

24-70 

2176 

-0-02 

+ 0-06 

1900 

(26-59) 

2262 

(4-0-63) 

( + 0-71) 

2000 

26-31 

2329 

4-0-10 

+ 0-12 

2090 

25-54 

2395 

4-0-11 

+ 0-21 

2190 

25-79 

2469 

4-0-11 

+ 0-23 

2280 

26-99 

2636 

4-0-09 

+ 0-22 

2380 

26-19 

2608 

4-0-04 

+ 0-19 

2480 

26-41 

2682 

4-0-02 

+ 0-18 

2673 

26-60 

2760 

- 0-02 

+ 0*16 

2660 

26-80 

2814 

--003 

+ 0-16 

2760 

27*01 

2887 

^0-07 

+ 0-13 

2860 

27-30 

2961 

•~.0-03 

+ 0-19 

2960 

27-51 

3043 

^0-06 

+ 0-14 

3060 

27-79 

3114 

/ 0-00 
( 4-0-04 

+ 0-20 

3160 

27-97 

3220 

-^0-06 

+ 0-04 

3245 

28-22 

3321 

-0-08 

-0-02 

3330 

28-64 

3412 

0-00 

+ 0-01 

3430 

28-89 

3618 

+ 0-07 

+ 0-02 

3620 

29-08 

3614 

+ 0-01 

-0*09 

3616 

29-21 

3700 

-0-13 

- 0-23 

3705 

29-63 

3766 

-0-06 

-0-12 

3790 

29-88 

3829 

+ 0-06 

+ 0-03 

3880 

30-18 

3897 

+ 0-10 

+ 0-12 

3970 

30-32 

3993 

-^0-01 

-0-04 

4050 

30-67 

4078 

+ 0-01 

-0-06 

4140 

30-82 

4174 

+ 0*01 

-0*11 

4220 

31-07 

4259 

+ 0-03 

-0*13 

4315 

31-30 

4341 

0-00 

-0-16 

4390 

31-42 

4396 

--O-IO 

-0*21 

4460 

31-74 

4448 

+ 0-03 

-0-06 

4560 

31*99 

4522 

+ 0-02 

-0-04 

4630 

31-91 

4693 

— 

(-0-34) 

4710 

82-14 

4714 


(-0-49) 



496 


E. C. Bullard 


Considering that the conductivities have been derived from measurements 
made on samples from Gerhardminnebron and Jaooba which are 80 miles 
to the west, the agreement between the heat flows found from the three 
sections is good. The standard error of the mean is almost entirely due to 
the uncertainty in the assumed conductivities. Making a conservative 
estimate of this, the final result for this bore is 

H 1*03 ± 0*07 X 10~® cal./cm.* sec. 

The absence of any discontinuity in the heat flow at the lava-quortzite 
junction confirms the conclusion that it was the dolomite that was 
anomalous at Gerhardminnebron and Doornkloof. 


4. Discussion 

The heat flows, neglecting those in the Dolomite, are 


Table 8 


Jacobs 

Doomhoutrivier 

Gerhardminnebron 

Doornkloof 

Reef-Nigel 

Dubbeldevlei* 

Moon 


cal./crn.* soc. 

0-96 ± 0-015 X 10“« 
0-97 ±0-06 
1*28 ± 0*026 „ 
1-20 ±010 „ 
1-03 ±0-07 „ 

1-62 ±0-044 „ 

1-16 ±0-09 „ 


The mean heat flow of 1*16 x 10~® cal./cm.* sec. is considerably lower 
than those generally quoted (various authorities give values ranging 
from 1*6 to 3*4 X 10“*) but is not very different from Benfield’s value of 
0*98 i 0*12 X 10'“® (or 1*42 x 10~* after removing the effect of the ice age) 
from measurements in Great Britain. It is therefore likely that the heat 
flow has been considerably overestimated in the past and that the low 
values found by Benfield are general. Some of this heat flow must be due 
to the original heat of the earth, this part may be estimated from data 
given by Jeffreys (1929, p. 161) at 0*25 x 10“^ cal,/cm.» sec., leaving 
0*91 X 10“* cal./cm.® sec. to be accounted for by radioactivity. The radio¬ 
activity of sedimentary and volcanic rooks is generally small. We shall 
consider first of all the contribution of the granite which underlies them. 
The mean radium content of eighteen specimens of granite from various 

Owing to the small number of specimens available this value is leas reliable than 
the rest. The small standard error is due to the agreement of the oonduotivity values 
which may be fortuitous. 
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places in the Cape Province* was found by Immelman { 1934 ) to be 
2-86±0*16X 10"*^* g. Ra/g, rock; this is almost identical with Jefifreys’s 
( 1936 ) mean of 2*38 ± 0*16 x from specimens from all over the world. 
No measurements have been made on the thorium content of South 
African granites, but we may take JefFreys’s mean of 1-76 + 0-22 x 10 ~® 
g. Th/g. rock. The potassium content is about 3%. The heat produced by 
the uranium equivalent to 1 g. of radium in equilibrium with its products 
is 0-068 oal./sec., that produced by 1 g. of thorium and its products is 
6-4 X 10“® oal./sec,, and that produced by 1 g. of potassium is about 
3 X 10 “*^® cal./sec. The heat produced by 1 cm.* of granite (density 2-63 
g./cm.®) is therefore 0-74 x lO""^® cal./sec. If Hi cal./cm.® sec. is generated in 
the granitic layer and comes from below, then 

H * M 6 x 10 -«, 

Hi == 0-74 X 10-%, 

where a is the thickness of the granite in cm. The temperature difference 
between the top and bottom of the granite is 

T^s{H^H^)/2k, 

with ifc = 0*0068 (mean for Dubbeldevlei granite) we get the following 
values of s and T as a function of HJH: 



8 

T 

HJH 

km. 

® C 

0*0 

15-7 

134 

0-2 

12*6 

128 

0-4 

9-4 

112 

0*6 

6*3 

86 

0-8 

3*1 

48 

10 

0*0 

0 


As about 0*25 cal./om.* sec. is contributed by the earth’s original heat, 
HJH caimot be lees than 0 * 2 , and the maximum thickness of the granitic 
layer is 12 km. To obtain this maximum it is necessary that the layers 
below the granite should be entirely devoid of radioactivity, and to get any 
reasonable thickness a very low radioactivity must be assumed. The tem¬ 
perature of the base of the granite cannot exceed 130° C. This temperature 
is much less than that obtained by similar methods from the rather vague 
data hitherto available.f No reasonable adjustment of the data will give 

** Unfortunately these ore Nama granites and are not contemporaneous with the 
Old Granite that underlies the Transvaal, 

t Jeffreys ( 1929 , p. 152) gets 280® C and Anderson ( 1938 ) gets 384® C. 
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a substantially different result’*' and there is therefore no possibility of 
melting the granitic layer unless it is forced many kilometres below its 
normal position. The temperatures below the granite depend very much 
on the proportion of the whole radioactivity that is below the granite, 
and how it is distributed; they will not be further discussed here (see 
Bullard 1939 ). 

The delay found by seismologists in the starting of relative to Pg in 
near earthquakes, and the P-^P intervals in deep focus earthquakes 
indicate that the homogeneous material in which P^ travels (the “lower 
layer’’) has its upper surface at such a depth that a compressional wave 
takes about 5*4 sec. (Jeffreys 1939 ) to travel from it to the surface. If 
there were no “intermediate layer” this would correspond to 30 km. of 
granite (velocity 5*57 km./sec.). The heat flow measurements show that 
there cannot be more than 12 km. of rock with the radioactivity of surface 
granite, and that there must therefore be an “intermediate layer” between 
the bottom of the granite and the top of the lower layer. The confirmation 
of the existence of a layer between the granite and the lower layer is 
valuable, as the evidence for it has previously depended on the reality of 
rather dubious near earthquake pulses such as P*. In order to make the 
information more precise it is desirable that measurements of the conduc¬ 
tivity and radioactive content of specimens of the “Old Granite” from the 
Transvaal should be made, and that the time-distance curve for near 
earthquakes should be investigated there. 

It is often only possible to make a temperature measurement at the 
bottom of a bore. The gradient has then to be calculated from this and from 
the air temperature at the surface. In such cases it is usual to assume that 
the intercept of a temperature depth plot (the of (1) above) is 1 - 0 '' C 
above the mean air temperature (Benfield 1939 ). The heat flow is then found 
from 

ZDIk ’ 

where is the temperature at the bottom of the hole and is the mean 
air temperature. It is of interest to calculate H in this manner for the 
bores considered in this paper, as comparison with the values obtained 
above will give an indication of the errors that are likely to be introduced 
by such a procedure. Only the Jacoba, Doomhoutrivier and Reef Nigel 
bores are suitable for the test, as no conductivities have been measured 

• A cover of 3 km. of clays emd shales and sands on the top of the grcuiite would 
give an extra 100® 0, 
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in the upper part of the Dubbeldevlei bore and the temperatures in the 
other bores are disturbed, probably by water circulation in the Dolomite. 

The Beseau Mondial gives the mean air temperature at Johannesburg 
at a height of 1806 m. above sea level as IS-O"* C. The air temperatures at 
the bores have been calculated from this assuming a lapse rate of 6 "^ C/km. 
The data are as follows: 


Height, m, 

Tj+1-0®C 

^Dlk cm.* "" C wec./cal. 

H cal./cm.* sec. 

H (table 8) cal./cm.* sec. 


Jaooba 

Doornhoutrivier 

Reef-Nigel 

1311 ±30 

1300 ±30 

1666 

48-3 

42*9 

32-1 

190 

192 

17-4 

300 

2*47^ 

1-44 X 10’ 

0-98 

0-90 

102 X 10-* 

0-96 

0*97 

1-06 X 10-* 


* Mean l/k assumed the same as at Jacoba. 


The result (line 5) is never more than 4 % different from that obtained by 
using all the temperature data (line 6 ). The method is therefore reliable 
if there is a temperature difference of the order of 20 ® C between the top 
and bottom of the hole. 

The heat flows found in the boreholes considered above vary from 0*96 
to 1*52 X 10”“® cal./cm.* sec. It is desirable to consider how much of this 
variation is due to differences in the rate of heat generation and how much 
to other causes. 

The ‘Tagging” effect of topographic iiTegularities on the earth’s surface 
causes more heat to flow out under valleys than under hills. A method 
of calculating the amount of the disturbance has been given by Jeffreys 
(^937) ^nd applied to a number of special cases by Bullard ( 1938 ). The 
experience gained in the calculations indicates that the effect is quite 
negligible for the bores considered here, and detailed calculations have not 
been made. 

If the rocks round a borehole do not consist of horizontal homogeneous 
layers of indefinite extent the heat flow is disturbed, more flowing out in 
regions occupied by good conductors and less in those occupied by bod 
conductors. Since the heat is mostly generated within 10 km. of the surface 
it is only necessary to consider the structure within a radius of 10 or 20 km. 
from the bore. It is not practical to calculate the magnitude of the dis¬ 
turbance except in highly idealized cases, but a good idea of the amount 
to be expected may be obtained by experiments with a model. Figure 3 
shows a section from south-east to north-west through the Gerhardminne- 
bron borehole. This section has been prepared from the information given 
on the Geological Survey sheet 53 Ventersdorp, the details are somewhat 
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hypothetioAl but should be close enough to the truth to give an idea of 
the magnitude of the disturbance. If it is assumed that the rooks shown 
in figure 3 extend indefinitely in a direction at right angles to the diagram 
the heat flow will be similar to the flow of electricity in a thin sheet of 
homogeneous material whose thickness is proportional to the thermal 
conductivity. A trough was therefore prepared and filled with salt solution 
in such a way that its depth was proportional to the conductivities in 
figure 3.* The edge of the trough representing ground level was made an 



Fioxxek 3. Section near Gerhardminnebron. Total length of section 11 miles; 
horizontal and vertical scales equal. 


equipotential and current was fed into the opposite edge through a number 
of electrodes connected in series with resistances large compared with 
that of the trough. These boundary conditions correspond to a constant 
temperature at the earth’s surface, and the same rate of generation of heat 
under each unit area of the earth’s surface in the thermal problem. The 
mean potential gradient between the surface and a distance corresponding 
to a depth of 10,000 ft. was then found and multiplied by the conductivity 
of the section. The result is shown in figure 3 as a percentage of the average 
for the whole section, this represents the heat flow at any point as a per¬ 
centage of the average that would be obtained from measurements in 

♦ By an oversight the model was made as if the Hospital Hill Series had a con¬ 
ductivity of 0*014, the effect of this will be small except at the north-west end of the 
ffgure and it was not thought worth while to do the work again. 
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numerous boreholes spread over the area. The diaturbanoe at the Gerhard- 
minnebron bore is 20%. The uncertainties due to uncertainties in the 
e^umed structure and the crudeness of the model are such that it would 
not be safe to apply this as a correction, but the curve of figure 3 does 
indicate that this is the order of the disturbance to be expected in a rather 
extreme case. 

The two processes so far considered divert the heat flow from one place 
to another, and cause variations in the measured heat flow without corres¬ 
ponding variations in the production of heat. In addition to these there 
will be real variations in the rate of production due to variations in the 
thickness of granite and to variations in its radioactive content. For 
example, the surface of the granite is 34,000 ft. nearer the surface near 
the north-west end of figure 3 than it is at the south-east end. Other 
things being equal there will therefore be an extra heat flow at the 
north-west end corresponding to the heat generated in this granite 
(about 1*1 X 10"* cal./cm.^ or 86% of the measured heat flow at Gerhard- 
minnebron). This variation is in addition to that shown in figure 3.* 

The known causes of variation are therefore amply sufficient to account 
for the observed variation and it is hardly worth discussing them in more 
detail until more information is available about the radioactive contents 
of the various rooks and their variations from place to place. 

These measurements were carried out at the Bernard Price Institute 
in Johannesburg, and I am indebted to Professor Schonland for inviting 
me to visit the Institute and for providing facilities for the work. The 
specimens were prepared in the Mineral Research Laboratory of the 
University of the Witwatersrand, and I am indebted to Professor Stanley 
for allowing this to be done, and to Mr Lazenger and Mr Wilson for advice 
on the method of doing it. 

Throughout I have had the advantage of the co-operation and advice 
of Dr Krige of the South African Geological Survey. The accuracy of the 
temperature measurements, which he has allowed me to use before publica¬ 
tion, is indicated by the consistency of the results. 

Finally, I am indebted to the African and European Investment Co. Ltd., 
the Anglo-American Corporation of South Africa, Ltd. and the Anglo- 
Transvaal Consolidated Investment Company, Ltd. for providing pieces of 
core and boreholes logs. 

• Strictly, the effects cannot be simply added and the combined effect should be 
determined with the model by a distribution of electrodes over the area representing 
the granite; It has not been thought worth while to do this. 
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SUMMABY 

The thermal conductivities of forty*nine rocks from bores in South Africa 
have been measured. The mean heat flow calculated from these and from 
Krige’s and Weiss’s temperature measurements is M6 x 10”* cal./om.* sec. 
This is much lower than the values usually quoted but is near Benfield’s 
mean of 0*98 x 10“* for bores in Europe. There is no foundation for the 
common opinion that the heat flow is lower in South Africa than in Europe. 
It is likely that many of the other supposed coses of abnormal heat flow 
are also unfounded. The low value of the heat flow shows that there cannot 
be more than 12 km. of rock with the radioactivity of surface granite 
under South Africa. This supports the reality of the “Intermediate Layer” 
of seismology and leads to very low temperatures at the base of the granitic 
layer. 
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Introdttction 

In the majority of gaseous exchange reactions, deuterium atoms, pro¬ 
duced photochemically or by an electric discharge, have been employed to 
initiate the reaction. Only the thermal method offers some prospect of 
detecting exchange reactions of the t 3 rpe HA“>DA*f HD. At high 
temperatures in addition atomic reactions will occur initiated by thermally 
dissociated atoms which, although present in very low concentration, react 
with very much smaller activation energies. Thus thermal exchange 
reactions can be brought about by two different mechanisms, their relative 
velocities being mainly dependent on the activation energies of the ele¬ 
mentary reactions involved. Using activation energies derived from band 
spectroscopic data, Eyring and his collaborators attempted to predict the 
mechanism for several reactions where such alternative mechanisms were 
possible (Eyring 1931 ). Thus in the case of the exchange reaction of hydro¬ 
gen and deuterium the method was successful in eliminating the molecular 
and predicting the atomic reaction, in agreement with experiment. The 
reaction of deuterium and hydrogen chloride offers another possibility 
of testing such calculations. Previous work indicated the existence of a 
bimolecular reaction, and it seemed probable that at higher temperatures 
the atomic mechanism would intrude (Gross and Steiner 1936 ). It seemed 
desirable to investigate whether this reaction really proceeded in both 
ways and whether the quantitative aspects of this more complicated be¬ 
haviour could be determined. 

The reactions have an additional interest, in that the transition state 
theory can be applied to calculate their rate, since they are sufficiently 
simple to permit us to derive the necessary data (Wheeler, Topley and 
Eyring 1936), 

ExperimentB were performed with deuterium and hydrogen chloride 
mixtures, as well as with hydrogen and deuterium chloride. In addition 

[ 608 ] 
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the ortho-para-hydrogen conversion catalysed by hydrogen chloride has 
been studied. The bimolecular reaction was observed, but an additional 
atomic chain mechanism was found to take part. The results obtained lead 
to a consistent mechanism from which the rates of the elementary reactions 
can be derived. These are then compared with the theoretical calculations. 


Experimental 

Materials. Hydrogen chloride was prepared from sodium chloride and 
concentrated sulphuric acid. It was passed through two U-tubes immersed 
in a solid CO^-acetone bath in order to remove traces of water, and then 
condensed in liquid air and fractionated, the first and last fractions being 
discarded. 

Deuterium chloride was prepared by passing 94 % deuterium over 
AgCl (Jouniaux 1899 ). At 700° C the partial pressure of deuterium 
chloride formed by the reaction Dj -f 2 AgCl s* 2 Ag -f 2DC1 is high and readily 
established. By freezing out the deuterium chloride produced and re¬ 
cycling the excess deuterium, the latter was converted quantitatively into 
deuterium chloride. 

Cylinder hydrogen was purified by diffusion through a heated palladium 
tube. Deuterium was prepared from heavy water of over 99 % deuterium 
content either by electrolysis or by reaction with metallic sodium. The 
purity varied from 94 % to over 99 % deuterium content. This was deter¬ 
mined by measuring the thermal conductivity at different pressures and 
extrapolating to infinite pressure as suggested by Holland andMelville ( 1937). 
Some uncertainty exists as to the ratio of the thermal conductivities of the 
two gases (Archer iqsS*). A mean value of 1'403 was adopted. 

Para-hydrogen was prepared by converting normal hydrogen on active 
charcoal immersed in a liquid nitrogen bath, which was cooled by p um ping 
off the evaporating gas. The para-hydrogen content of the resulting gas was 
about 66 %. 

Apparatus. The experimental arrangement employed was simple. Several 
quartz bulbs from 60 to 200 c.c. capacity were used as reaction vessels. To 
detect any surface action two of them were filled with quartz tubes, which 
increased the surface about tenfold. Care was taken to obtain a uniform 
temperature in the electrically heated furnace; this varied only about 2° 
within the region of the reaction vessel. The temperature was measured 

• Some of the values given by Archer have to be corrected if applied to higher 
temperatures since at the reference temperatures of 0° C the specific heat of hydrogen 

la smaller than the equipartition value; this is not the case for deuterium. 
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potentiometrioally with a platinum-platinum-rhodium thermocouple. The 
thermocouple was calibrated at the Zn, Sb, KCl, and Ag melting-points. The 
thermal conductivity method was employed for the deuterium and para- 
hydrogen analysis, the cells being of the type described by BoUand and 
Melville ( 1937 ). 

The resistance of the gauges varied from 30 to 40 at room temperature 
and from 16 to 20 Q at liquid-air temperature respectively. They were 
operated at constant voltage ( 6-8 V) and the resistance allowed to vary. The 



84 90 96 100 

%D 

Figubb 1. Calibration curves of theirnoconduotivity gauge. 

resistance drop was about 4 parts in 100 from 66 % para-hydrogen to equili¬ 
brium hydrogen and 8 parts in 100 from pure deuterium to pure hydrogen. 
The readings were reproducible to 1-2 parts in 10 , 000 , and the accuracy of 
the determination is therefore estimated to some in the deuterium and 
para-hydrogen content respectively. 

Cells with tungsten spirals were mainly employed, both for deuterium 
and para-hydrogen determination. In a few experiments when it was 
desirable to distinguish between Bj-Hi and D^-HD-H, mixtures, straight 
wire gauges were used. The gauges were calibrated with mixtures of known 
deuterium and para-hydrogen content respectively. It was found that the 
calibration was strictly linear up to the highest percentage of para-hydrogen. 
The same was true for deuterium mixtures when spiral gauges were em¬ 
ployed irrespective of the establishment of the H„ D, and HD equilibrium. 
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As shown by Bolland and Melville ( 1937 ) straight wire gauge permits one 
to distinguish between mixtures of Hg and and mixtures of H 2 , D 2 and 
HD, the latter giving a different calibration curve. As these gauges were 
chiefly employed for measuring samples of ca, 95 % D content they were 
carefully calibrated in that region using Hg-Dg mixtures and mixtures where 
the Hg-HDa^D^ equilibrium had been established by passing the gas over a 
nickel spiral heated to redness. The calibration for the equilibrated mixture 
shows the expected dip in the calibration curve (figure 1). 

Procedure, Mixtures of the gases were made up in a Topler pump and 
transferred to the reaction vessel. Owing to the small volume of the Melville 
cell it was possible to remove samples of the gas for analysis during reaction, 
without appreciably affecting the total pressure. At low pressures, however, 
below 20 mm. the total charge was withdrawn for analysis. This was also 
necessary at very high temperatures, when the reaction rate was high. In 
general, four to seven samples were withdrawn during one run, and if 
sampling was not possible, the same number of points were determined by 
separate experiments. 


Results 

(i) The ortho-para-hydrogen conversion 

The experiments on the ortho-paradiydrogen conversion were carricxl out 
at temperatures above 600^ C where the atomic reaction prevails. The ortho- 
para conversion has an advantage over the exchange reaction, in that only 
hydrogen atoms are involved, and consequently the atom concentration 
does not change during the course of an experiment. Furthermore, a 
reaction of the tyj>e D + HC1~>DC1 + H, to be anticipated in the exchange 
reaction, does not influence the chain of the conversion reaction. These two 
features simplify the mechanism of the conversion experiments and permit 
us to deduce an expression for the rate whicli covers the whole course of the 
reaction. Experiments need not therefore be confined to the beginning of the 
reaction as in the case of the exchange experiments and as a result are more 
accurate. Having once established the mechanism of the conversion 
reaction it is not difficult by comparison and analogy to derive a scheme for 
the more complicated exchange reaction which satisfies the experimental 
results. 

As seen in figure 2, where data for three experiments at different temper¬ 
atures are plotted, the conversion follows the exponential law 
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where and are the contents of para-hydrogen of the gas at times o and t 
respectively and -4 is a constant for a given run. In table 1 all the results are 
given. 

At these temperatures (> 600® C) the well-known homogeneous ortho- 
para-hydrogen conversion occurs. This is brought about by the following 
reactions (Farkas 1930 ): 



Fioitbk 2 


In the presence of hydrogen chloride the following additional reactions will 
occur; 

This scheme leads to the following expression for the rate of conversion: 

= *i[H][H,p] + A:J[H][HCl]-«:;[H][HJ-*,[Cl][H^3 

- Km [H,p 3+*>[013 [H^3 -fcI[H3 [Hj -*;[H3 [Ha3. (i) 

On cancellation of equal terms we obtain 

k'^m [HC13 - *,[01] [H,„3 = *,[ci3 [h „3 - [HC13. (2) 


VoL 173 . A. 
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Table 1 


AbB. 



A corr. 

901 

0 

0-0297 


901 

0 

0-0252 


901 

0*066 

0*0270 


901 

0*125 

0-0332 

0-0306 

901 

0*265 

0-047 

0-041 

901 

0*598 

0-062 

0*049 

90] 

1*04 

0-082 

0-077 

901 

1*37 

0-110 

0-099 

901 

2-38 

0-167 

0*140 

901 

2*88 

0-189 

0-178 

902 

0 

0-148 


962 

0 

0-164 


962 

0*715 

0*46 

0-43 

962 

1*62 

0-74 

0-68 

962 

2*88 

1-31 

1-24 

962 

3*66 

1-68 

1*62 

1018 

0 

0-85 


1018 

0-706 

1-99 


1018 

0-950 

2*22 


1018 

1*39 

3-42 


1018 

2-41 

4*79 


1071 

0 

3-80 


1071 

0*85 

9-7 


1071 

1*04 

11-5 


1071 

1*29 

15*2 


1071 

1*71 

200 




Furthermore, at equilibrium (2) is equal to zero, and at the same time 
making use of the equilibrium condition (3) we obtain 


» 3. 


( 6 ) 
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Introducing = ^2 + ^ 2 >^a^<>'^^^P^^^utingaUtheinteractionsofhydrogen 
atoms and hydrogen chloride we obtain 


K = P* (70) 

and tcl = \k^. (76) 

The concentration of the hydrogen and chlorine atoms is governed by the 
equilibria 


and 


JT 

[Hg] 

[H][C1] _ „ 
[HCl] *’ 


( 8 ) 

(9) 


and together with (2) this gives 

^3 ~ ( 10 ) 
Introducing {5a, b), {la, b), (8), (9), (10) in (1) we obtain finally 


= ^K,4H,]{x-i)(k,[R,] + k,[RC\]). ( 11 ) 


where x is the para-hydrogen content of the gas. On integrating this leads to 
the following equation: 

i«gio - VA12730^® iH;r / 

This is the exponential law found experimentally. The constant A equals 

yJ-Ki^ki + k^ ®'® shown in figure 3, is as anticipated found to be a 

linear function of the ratio [HCl]/[Hg]. In figure 3 the points with solid signs 
were obtained in a packed tube. They fall on the same line as the data ob¬ 
tained in the empty tubes, indicating that at these high temperatures the 
reaction is homogeneous. From the slope and intercept of these graphs the 
values for k^ and k^ can be determined. They are found in table 10 
on p. 523. 

From the knowledge of the exchange reaction between deuterium and 
hydrogen chloride it was anticipated that at the lowest experimental 
temperature of 628° C the bimolecular reaction -f HCl = + HCl was 
taking part in the ortho-para-hydrogen conversion. Special experiments 
were therefore performed in order to determine the proportion of conversion 
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due to the bitnoleoular reaction. Inclusion of this reaction alters the kinetic 
expression to 


2>30logio 






[HCIJ 

[H*] 


h 


[HCl] 

VEHj’ 




Figtoe 3. Reaction H,,+HCI. 


Table 2 


V[H,] 10‘ [mol.A.]* 
0-66 
151 
2-23 


Q (mol./l.)-* 800 ."’ 

0093 

0103 

0109 


where kf, stands for the rate constant of the bimoleoular reaction. In table 2, 
Q as derived from three experiments at 897° Abs. and at constant [Ha]/[H,] 
ratio but varying total pressure can be found. The small but definite de¬ 
pendence on yjUt indicates the presence of the bimoleoular reaction. This 
gives a value for fcj, of 0’60 mol./i.-‘ sec.-*. 
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In column 4 of table 1 values for A of the original reaction, oorreoted for the 
bimoleoular reaction, are given. The correction at the higher temperature 
was obtained by using a value of 66koal. for the activation energy of the 
bimoleoular reaction, as derived from the corresponding exchange experi¬ 
ments, making allowance for the fact that in this case where light hydrogen 
only is involved the activation energy is probably a little lower. At the 
two highest temperatures the correction is negligible. 

(ii) Results derived from exchange experimerUs 

In figure 4 a typical graph for the course of two exchange experiments is 
given, and the change of the percentage of deuterivun in the gas is plotted 
against time. As experiments were confined to the beginning of the reaction 
the curve obtained is linear. Curve two of figure 4 represents an experiment, 
in the course of which the D content was determined by means of the straight 



wire cell, before and after the H 2 -)-D 2 ** 2 HD equilibrium had been estab¬ 
lished. It is seen that both determinations are practically identical, confirm¬ 
ing that within the limits of this method of determination only HD is pro¬ 
duced, since the amount of Hj at equilibrium is negligible in gases of 95 % 
D content. The broken line in figure 4 would have been obtained forimequili- 
brated samples, had the H 2 -D 2 calibration curve been used for their evalua¬ 
tion. The difference in the two lines shows that comparatively small amounts 
of Hg could have been detected. That HD is predominantly produced is also 
borne out by the fact that results of experiments when spiral gauges were 
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used, only agree with those obtained with straight wire gauges when the 
Ha-HD-Dg calibration curve is used for the latter. 

In table 3 the exchange experiments of Da+HCl are summarized. The 

'^*PHCaV(j*D,) 

is determined from the slope of the concentration against time curves. The 
partial pressures given are the mean of the initial and end values and are 


Tables. Dg + HCl 





X 10^ (mm. Hg)”l 

Aba. 

(mm. Hg) 

Piwi (Tnm. Hg) 


783 

23 

57 

0*84 

— 

25 

57 

0-89 

— 

67 

55 

1-05 

— 

139 

157 

0-87 

— 

144 

156 

103 

— 

163 

169 

Ml 

— 

285 

291 

I 31 

822 

36 

58 

3*48 

— 

37 

148 

3-16 

— 

39 

134 

309 

— 

58 

142 

2-89 

— 

108 

127 

3-89 


121 

160 

4-14 

— 

126 

138 

4-24 

— 

129 

142 

404 


134 

133 

4*02 


202 

152 

4*55 


209 

312 

615 

839 

23 

27 

8-0 


39 

62 

8*3 


62 

72 

90 

— 

117 

138 

9^8 

— 

137 

146 

130 

— 

200 

97 

12*0 

900 

1'3 

1*45 

37 

— 

2*6 

21 

42 

— 

6-5 

21 

38 

— 

15 

37 

55 

— 

22 

21 

53 

— 

33 

38 

55 


given in mm. Hg, the times in minutes. The reaction rate can be represented 
by the following equation 

= hPvt PHca+^ V(PD.)i>Ha. 


(12) 
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indicating a superposition of the bimolecular reaction + HCl = HD -h DCl 
and of an atomic cliain reaction. In figure 6 Q for diflFerent pressures and 
temperatures is plotted against according to ( 12 ) straight lines being 

obtained. 

The experiments carried out previously (Gross and Steiner 1936 ) are in¬ 
cluded in figure 5 and marked by full signs. It was found that the calibration 
of the thermocouple employed in that investigation was too high by some 4°. 
The values given here are therefore corrected for this error, and when small 
deviations in the temperatures of experiments occur the constants are 


Table 4. Ha + DCl 


Abs. 

(mm. Hg) 

7>doi Hg) 

Q' X 10* (mm. Hg"** 
min.’'*) 

752 

43 

60 

0168 

.— 

58 

109 

0-172 

— 

64 

112 

0-174 

— 

166 

120 

0-222 

— 

362 

149 

0*241 

777 

67 

98 

0-62 

— 

70 

96 

0-64 

— 

196 

104 

0-67 

.— 

341 

126 

0-78 

— 

404 

163 

0-88 

799 

32 

62 

1-60 

—» 

71 

47 

1-56 

— 

109 

47 

i-72 

— 

160 

159 

1-89 

.— 

163 

136 

1*82 

— 

314 

253 

2*36 

— 

418 

141 

2-41 

823 

41 

38 

4-80 

— 

42 

38 

4-77 

— 

63 

62 

6*54 

.— 

67 

54 

4-86 

— 

123 

112 

5-22 

— 

145 

130 

6*02 

— 

197 

201 

7*16 

— 

250 

232 

7-06 


45 

78 

MO 

— 

49 

46 

1*31 

— 

100 

88 

1*24 

868 

62 

43 

23 


111 

91 

24 

890 

35 

49 

59 

— 

61 

34 

73 

— 

53 

43 

52 
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Fioitre 0 . Reaction H^+BCl. 
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adjusted to the temperatures given in table S. With this correction in most 
instances the old results agree reasonably well with the present extended 
series of measurements. 

In table 4 the experiments with H* + DCl mixtures are summarized. They 
are somewhat less accurate, but apart from experiments at 823° Abs. plots 
of reasonable accuracy for Q’ against ^(Ph,) obtained (figure 6). 

Finally, in table 6 results of experiments in packed tubes are given. The 
surface area of both packed tubes employed was about ten times the area of 


Table 6 


D, + HCl (packed vessel) 




Q X 10^ (mm. Hg“l 

Abs. 

(rrini. Hg) 

JPhci (mm. Hg) 


822 

46 

124 

6*90 

— 

62 

110 

6-65 

— 

112 

215 

* 6*59 

— 

119 

140 

8*01 

— 

120 

123 

7*35 

— 

262 

167 

6*92 

900 

14‘6 

14-6 

80 


flj + DCl (packed vessel) 




4 

X 10 * (mm, 

Abs. 

Ph, (mm. Hg) 

Pixji (mm. Hg) 

min.-*') 

752 

49 

45 

0*75 

— 

130 

68 

0*63 

— 

364 

139 

0*68 

799 

41 

61 

4*3 

— 

63 

69 

6*2 

— 

131 

68 

6*0 

— 

219 

139 

4*6 


417 

179 

4*2 

868 

45 

35 

38 

— 

72 

45 

43 


the empty ones. Comparison with tables 3 and 4 shows that there is an 
appreciable surface reaction which increases rapidly at lower temperatures. 
Closer inspection reveals, however, that the increase in rate is due entirely to 
the atomic reaction. Indeed, the bimolecular reaction is hardly detectable in 
these runs. It is therefore concluded that the latter is entirely homogeneous. 

In table 6 the data derived for the constants of the atomic and bimolecular 
reactions are given as derived from the slopes and intercepts in the curves of 
figures 5 and 6. The values for the atomic reaction at the highest tempera¬ 
tures only are considered reliable, since the disturbances due to surfaMje 
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effects are too serious at lower temjjeratures. For the sake of comparison 
with the other reactions a value for the atomic constant of the Hj+DCI 
reaction extrapolated to 900° is included in table 6. 

Tablk 6 


Binioleciilar reaction 

Hj + DCl D, + HC1 


Abs. 

^ X 10^ 

T Abs. 

k X 10“ mol./l.”' sc<J. 

762 

0-58 

783 

3*3 

777 

211 

822 

18*8 

799 

6-2 

839 

43*6 

823 

13-7 

900 

450 


Atomic reaction 



H 2 + DCl 


D, + HCl 

r" AbB. 

kx 10^ 

Abs. 

/[■ X 10“ mol ./I. 1 sec.' 

752 

0-42 

783 

2*48 

111 

1-29 

822 

6'8 

799 

4*0 

839 

),9‘8 

823 

12-5 

900 

123 

846 

32 



868 

61 



890 

169 



900 0 

xtrapol. 206 




From the experimental results just outlined it is possible to deduce a 
detailed mechanism for the chain reaction. The following elementary 
reactions might bo expected to occur in a mixture of deuterium, hydrogen 
and chlorine atoms and deuterium and hydrogen-chloride molecules and 
constitute the single steps of the chain. Since measurements were confined 
to the beginning of the reaction, reverse reactions are neglected; 



Cl + Da->DC1 + D(ifc3h 
D + HC1^HD +01(^3), 

D + HCl~^Da + H(jfc5). 
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Apart from the introduction of deuterium atoms, the main difference in 
the present scheme as compared with the one for the ortho-para conversion 
lies in the inclusion of reaction (5). We note that the comparison of the 
deuterium exchange reaction with the ortho-para conversion may give an 
answer as to the occurrence of reactions of the type H -h C1H“>HC1 4 - H (5) as 
distinct from H -f HCl-^Hg -f Cl (4). 

In deriving an expression for the reaction rate it is assumed that the total 
atom concentration is given by the dissociative and recombination re¬ 
actions, while the ratio of the concentrations of the different atoms is a 
function of the exchange reactions (l)-(5). These assumptions can be made, 
sincjc for every atom which disappears by one of the reactions (1)”(5) 
another one is formed, there is therefore no change in their sum. Further¬ 
more every atom after dissociation imdergoes many reactions of the type 
(1)~(6) before it eventually recombines so that the steady state in the ratio 
of the atom concentration is set up even more rapidly than the one for the 
total atom concentration. The recombination velocities of hydrogen and 
deuterium atoms ai‘e taken to be equal, since it will be seen that the 
final values are not influenced by any differences in these ratio. These 
assumptions lead to the following steady state equations: 


dt 


& 

di 

dt 

d[Cl] 


= 2di[D,]-2r,[I)p-2r,[H][D] 

- 2r,[H j* + 2d,[Ha] - 2r,[H] f 01] = 0, {1) 

= *i[H] [Da] + k,[Cl] fl),] - *3[D] [HCI] - ^^^[D] [HCl] = 0, (2) 


= k,\D] [HCI] - fci[H] [DJ - * 4 [H] [HCl] = 0 , 


^ = k,[D] [HCl] + *«[H] [HCl] - k,[Cl] [D,] = 0 , 

which give the ratio ^ , 

[H] [* 5 ] *6 [HCl] 


(3) 

(4) 

(6) 


and allow one to compute the atom concentration, which has to be inserted 
in the equation for the overall reaction rate 


+ 2 *;,[H] [HCl]. ( 6 ) 


In this expression reaction (4) is counted, twice, since the resulting H, if 
counted as HD produces a double effect on the linear calibration curve of the 
spiral gauges. 
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In order to simplify the subsequent treatment two limiting oases wUl be 
considered; 


(I) ^6 ^ ^4 "h 


JP*i 

[HCl]’ 


and 


( 11 ) + 

In case I we obtain immediately D and 

[H] = 

ZarjtHCl] 

/ i -r 

where B — 






m 


J -f- 


and K 


>-»fc«[ HCl] ’ 

jpbj] 

‘[HCl] • 


This leads to the following expression for the rate constant: 


(7) 


( 8 ) 


diatom) [gCl] “ h- (0) 

As shown by experiments at 900® Abs. in which the [Dg]/[HCI] ratio was 
varied and which are summarized in table 7, the de][)endenoe on this ratio 
is small. (The values given are corrected for the simultaneous bimolecular 
reaction.) Therefore the first term in (9) can be of no importance. This result 
can also be derived from a comparison of k^, which is the rate constant of the 
conversion experiments, with the value of ki as determined by Farkas and 
Farkas ( 1935 ); this gives 2kjkif>ii8. 


Table 7 

k atomic 10» 

[Dj]/HCl (mm. min.*'^) 

0124 3.4 

1*20 mean value 3-2 

3X0 2-6 

I)i 8 r 6 ga(rding the first term it can easily be shown that reaction ( 4 ) cannot 

constitute the rate determining step of the overall reaction. 

The main reasons are: 

First, compared with the production of HD, the production of H, as 
required by reaction (4) is small. 

Secondly, comparison of the numerical value of with the value derived 
for this constant from the ortho-para conversion experiments shows definite 
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diaagreement. In order to make this comparison it is necessary to evaluate 
the constant B of equation (8). At 900® Abs. the ratio KJK^ = 2*0.* We 
cannot assign definite values to the other constants occurring in B, but 
there is only a slight dependence of B on the ratios rg/r^ and kjk^. This has 
been found by using values from 0*5 to 2 for each of these ratios and by 
mutually interchanging them. There is a slight dependence on the [HC1]/[D2] 
ratio of the order given in table 7. But since in general the ratio [H Cl] /[ Dg] 1, 
the dependence on this ratio is neglected. A value of 1*1 for B was finally 
obtained, showing that very little displacement from the Dg:^*2D equili¬ 
brium occurs. 

Together with the value for at 900® Abs. this leads to a value of 
5*0 X 10* for (moL/l.“^sec.““^) in complete disagreement with a value of 
3*2 X 10* as derived for this constant from the conversion experiments. 

Thirdly, comparison of the rate of the Dg + HCl reaction with the Hg -f DCl 
reaction leads to a ratio of the two rate constants which is contrary to all 
results obtained in the study of isotopic reactions. An analogous sequence of 
reactions as for Bg-f HCl holds of course for Hg + DCl, and in the limiting 
case under consideration the reaction B + HC1->B2 + Cl will constitute the 
rate determining step (4'). With the value for K[ = [H]*/[H 2 ] at 900® Abs. 
and a value of 1*0 derived for the constant B' which corresponds to B one 
obtains a value of 7 x 10* for A?i(D 4 * 0 oi) (moL/l.“^sec.'’^} as compared with 
5 X 10* for A; 4 (h+hci)> while theory and all previous experience would lead 
one to expect < ^(h+hod* 

Having arrived at the conclusion that the limiting case I cannot be ful¬ 
filled, the limiting case II will be examined. This leads to an equation for the 
overall rate 

= Km [HCl] = [HCl], 


where 


■^1^1 [^2] 
JfcargLHCl] ‘ 

^2^1 [^2! 


Case II seems to be in much better agreement with the experimental 
results than case I, for it was found that HB is produced as required by 
reaction (3), and comparison with the Hg -h BCl reaction and with conversion 
experiments lead to a much more plausible graduation of the single isotopic 
reactions which constitute the rate-determining steps. For the evaluation of 
ifcg and Jfcg the numerical values of C and C" are necessary. They are the same 

♦ A table giving the aoixroes of the different equilibrium constants employed is 
given on p. 522. 
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as the values of B and J5' of the preceding paragraph, since the only change 
(^3» K ^4) does not aflFect the absolute value. Using these values and the 

values for and K[ already determined one obtains the following constants 
at 900“ Abs.: 

A;(4j(H + HC 1) = 3-2 X 10»mol./l.-i seer 
ifc;3y(H + DCl) = l*3x 10»moL/lrisec/'S 
Jk<3j(D + HCl) - 1-Ox 10»moL/L-iseer^ 

These values show a much more plausible graduation of the rate of the 
isotopic reactions than the values derived in case I. 

We can thus assume that limiting case II is fulfilled to at least a good ap- 
proximation, and the rate-determining processes will be considered to be the 
reactions 

D + Ha->HD+01(1:3), 

H + DCl^HD-f 

and the kinetic values obtained to represent and fcg respectively. We mtist 
note that reactions (^4) and (k'^) may occur to a limited extent. 

After the experiments had been concluded, Cross and Leighton (1936) 
published results on the exchange reaction of Dg + HOl and Hj + DCl 
induced by photochemioally dissociated HCl and DCl respectively. Al¬ 
though they did not derive quantitative values, they showed that their 
experiments were compatible only with a mechanism where i.e. 

limiting case II of the above discussion. This is in complete agreement with 
the present results. 

Discussion 

The bimolecular reaction 

The constants for the reaction -f HCl = HD + DCl are given in table 6, 
and lead to an activation energy of 67 kcal.* While the absolute values are 
somewhat lower, the activation energy is wnsiderably higher than the one 
of 52 kcal. obtained previously (Gross and Steiner 1936), but there the atomic 
reaction had not been taken into account. For the reaction 

H2 + DC1 = HD + HC1 

somewhat smaller values were found, leading to a ratio 

• In calculating the activation energy the temperature dependence has been taken 
in the form the same procedure is subsequently adopted when activation 

energies are considered from the point of view of the collision theory. 
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For the aotivation energy of this reaction we find 56 koal. The difference of 
1 kcal. is certainly within the limits of error and is not significant. 

Very high values of the order of 10 A are obtained for the collision dia¬ 
meter. However, as has already been noted (Gross and Steiner 1936), the 
same is true for the Hg +12 reaction at the highest temperatures at which it 
has been studied, and might be a common feature of bimolecular four body 
reactions at higher temperatures. 

Using the method of Eyring and Polanyi {1931), the interaction energy 
for the system Hg + HCl has been calculated. For the construction of the 
Morse curve in the form 


the data given in table 8 were used, where the constants have their usual 
meaning. 


Table 8 

D(kcal.) ro(A) a(ljA) 

H-H 108-6 0-74 1*94 

H-Cl 105-6 1-28 1-79 

The method of constructing the potential energy surface was essentially the 
one proposed by Eyring and Altar (1936) for the four body problem using 
“bond space’’ instead of “configuration space 17 % additive binding was 
adopted, this giving the right activation energy for the Hg -h and Hg -f ICl 
reaction, when the zero-point energy of the transition complex is taken into 
account. The value obtained in this way for the activation energy was 
63 kcal. The agreement with the experimental value ( 56 kcal.) is as good as 
could be exjKscted, and it is certainly remarkable that the Eyring-Polanyi 
method using the fixed value of 17 % additive binding leads to satisfactory 
activation energies for all four body reactions yet known. The diflFerence in 
zero-point energy of the transition complex minus that of the initial state 
should be added to this value. To obtain the zero-point energies it would be 
necessary to calculate the vibration frequencies of the transition complex. 
This laborious calculation has not been carried out, but the difference in 
zero-point energies usually amounts to only a few kcal. and does not 
appreciably affect the result. In addition, we should expect the difierence to 
be positive and would still further improve the agreement between the 
calculated and experimental values. 

For a detailed application of the transition state theory a knowledge of the 
vibration frequencies is essential, but the ratio of the two isotopic reactions 
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can be compared using the simple collision theory. Aooordiag to this theory, 
assiuning that the collision diameters are equal, this ratio is given by 

V/«2 

where //.j and represent the reduced masses of Dj+HCl and Hj + DCl 
respectively and Ae is the difference in zero-point energies: 

Ae = 2'3 iiTlogl '9 = e(ij,pci)~®(Ht)“®(DOi)—®(Daica) + ®(Ut) + ®(Ha)' 
Using the values £((,,) 6-2 kcal., e(gc;u 4 - 3 kcal., 

4'7 kcal*, ^(nci) 2*9 kcal., 

this gives e(H,iX’)) — ®(OjHci) = kcal. This is a reasonable value and offers 
an interpretation for the ratio of the two rates. 

The atomic reactions 

The equilibrium constants necessary for the evaluation of the atomic 
reactions were taken from table 9 . 

Table 9 

Roaotion A ——— 

H,^2H Giauque, J. .4wi«r. Cham. Soc. (1930), 62, 

4816 

D(7&2D Johnston and Long, J, Chmi. Phys. 

(1934), 2, 389 

HDstH+D Johnston and Long, J. Chem. Phys. 

(1934), 2, 389 

HOlstH + Cl Giauque and Overstreet, J. Amer. Chem. 

Soc. (1982), 54 , 1731. 

The value for the dissociation constant DCltiD -t- Cl was derived by proper 
combination of the constants for the H,, D, and HCl dissociation, and the 
constant for the equilibrium Dj-)-2HCl*t2DCl-t-H2 (Eyring and Altar 
1936; Urey and Rittenberg 1933). 

In table 10 the constants for the reaction H -(- HCl = -f Cl derived from 
conversion experiments are given. In addition, the constants for the 
reaction H+H, <= H| + H are listed and compared with values obtained by 
Earkas (1930). While the absolute values of the (H+Hg) constants agree 
fairly well, particularly considering the indirect way in which most of them 
were obtained in the present work, the activation energy is somewhat lower 
than the one obtained by Farkas. This result is worth noting, since it is in 


AK 

102*72 kcal.' 

104*48 koal. Beutler, Z. 

phya* Chem* 
103*60 koal. [ B (1934), 
27, 287 

101*6 kcal. 
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this reaction that there is a discrepancy between the results obtained at low 
and at high temperatures (Geib and Harteck 193 x). It was thought that this 
might be due to an error in the activation energies as derived from the 
experiments at high temperatures, the value obtained being too low. The 
present results do not support this suggestion, since the activation energy 
here obtained is slightly lower than the one obtained by Farkas. 


Table 10 




901 

0*061 

0*027 

3*16 

St. and R. 

1*66 

Farkas 

1*46 

3*1 

960 

0*38 

0*164 

3*93 

1*70 

1*80 

3*9 

1013 

1*76 

0*86 

4*4 

2*13 

2*33 

4*6 

1071 

9*1 

3*80 

6*7 

2*36 

2*72 

6*9 


From the data given for the reaction H *f HCl a value of 5200 oal. is ob¬ 
tained for the activation energy. Using 2*3 and 3 -1A for the diameter of the 
hydrogen atom and hydrogen chloride molecule respectively, the steric 
factor is found to be 0 ‘ 08 . 

The data can be compared with those found by Rodebush and Klingel- 
hoeffer (1933) for the reverse reaction C 1 + Hg, as obtained at room temper¬ 
ature. In column 7 of table 10 the data for the reverse reaction are given. 
They are obtained by combination of the data of column 4 and the constants 
for the equilibrium 11014-113*112 +Cl as combined from the data given in 
table 9 . An energy of activation of 6900 cal. is derived in agreement with 
5600 caL* obtained at room temperatures. Using a diameter of 2*7 A for the 
chlorine atom and also for the hydrogen molecule, a steric factor of 0*7 is 
obtained at 298 '' Abs. and one of 0*2 at 1000° Abs. 

The results demonstrate that both reactions are typical examples of the 
type A + BO « AR + U. This is shown particularly by the low activation 
energy and the steric factor smaller than one. It is known that for these 
reactions the steric factor is temperature dependent over the interval of 
700 °, The nearly fourfold variation in the case of (Cl + Hg), however, is 
particularly pronounced and reveals the limitations of the simple collision 
theory. 

The results obtained for 01 + Hg will now be compared with the transition 
state theory. This reaction has already been treated by Wheeler ei ah {1936), 

• This value differs slightly from the one given by Rodebush and Klingelhoeffer 
( 1933 ) since they use a modified expression for the oollmion frequency. 
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The rate constant is given by the following expression: 
k = 6-65 X 10 “ 


- (1 _(1 e-«^’'m.l.;i.-.eo,-, (I) 


where is the symmetry number of the hydrogen molecule, Jlfcompi.* 
mg, and the mass of the complex, hydrogen molecule and chlorine atom 
respectively, /oompi. ^h, the moments of inertia of complex and hydrogen 

molecule. The frequencies in the vibration factors are as follows: v^ is the 
vibration of Hg, tlie doubly degenerate bending vibration of the complex, 
the stretching vibration of the complex and «_ the imaginary stretching 
vibration in the direction in which reaction occurs. The term 


Vl-U^vJkTf] 

gives the correction for tunnelling. Eq is the “activation energy at the 
absolute zero”. 

Table 11 


System 

/ 




^0 

H-H-Cl 


651 

24»6 

720r: 

6-8 

H-D-CI 

9*94 

416 

1800 

706/ 

41 

D-H-Cl 

1611 

623 

2406 

620/ 

61 

H-Cl 

1-68 

— 

2840 

—. 

4*3 

D-Cl 

318 

— 

2010 

— 

2-9 


From the potential energy surface constructed by using 20 % additive 
binding, Wheeler etal. obtained the data given in table 11. For Eq they derived 
a value of 10 kcal. Since the accuracy in the theoretical E„ is not sufficient, 
the procedure adopted here is to derive from the temperature coefficient 

of the reaction rate differentiating formula (I) with respect 

to {1/T) and using the constants found in column 7 of table 10, and those 
given by Rodebush and Klingelhoeffer (1933). The rest of the data which 
have to be inserted in (I) are taken from table 11, since their influence is 
much less pronounced. 

In this way we obtain 6600 and 5300 cal. for E^ at high and low tempera¬ 
tures respectively. This leads to rate constants of 1-0 x 10^ and M x 10“ as 
compared with the experimental values of 8<2 x 10* and 5’5 x 10* at 208 and 
1000° Abs. respectively. In order to bring about closer agreement one would 
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have to change simultaneously both i?o by + 400 cal. and one of the fre¬ 
quencies or by multiplication by a factor of two. 

Turning again to the reaction H -f HCl it is possible to test the transition 
state theory in another manner, by comparing the rate of the different 
isotopic reactions H + HCl, D + HCl and H + DCl, these rates being given on 
p. 620 , While for these reactions the potential energy surface remains 
essentially the same, the differences in mass alter the vibration frequencies, 
moments of inertia and zero-point energies (e^) which enter in formula (I). 
The data necessary were taken from Wheeler et aL (1936) and are given in 
table 11. By inserting them in formula (I) we obtain the ratios 

^H-DCl • “ 1 : I’l I 1 * 5 , 

as compared with the experimental ratios, 1 * 3 :1: 3 . The discrepancy in the 
first ratio might be ascribed largely to experimental error, in view of the dis¬ 
turbances through surface effects and the difficulty in separating the bimole- 
cular and atomic reaction. However, the large difference in the theoretical 
and experimental values for the ratios of the reactions involving D atoms 
and the reaction H -j- HCl is probably not due to experimental error alone, 
since a similar discrepancy was noticed in the case of the reactions Cl + H^ 
and Cl + Dg which involve the same transition complex (Wheeler et aL 1936; 
Rollefson 1934; A. audL. Farkas 1934). The difference cannot be removed by 
altering the bending or imaginary frequencies, since in this particular 
temperature region the changes affect zero-point energies and vibration 
factors by the same amount and cancel each other. However, division of the 
stretching vibration by P 5 would give fair agreement with exj^eriment. 
Although by adjusting all the numerous constants of the transition complex 
one can fit the numerical data, this can hardly be considered as a test of the 
theory, and it seems that with the potential energy surfaces as available at 
present a quantitative application of the transition state method gives 
results only to within a factor of l* 5 ~- 2 . 

The last point to be discussed concerns the reaction D -I- HCl = H -f DCl 
( 5 ). It was found experimentally that this reaction is slow as compared with 
D -h HCl HD -f Cl ( 4 ). This can be due either to a higher activation energy, 
to a smaller steric factor, or to a smaller transmission coefficient, the last 
quantity being a function of the probability that a transition complex in¬ 
stead of reacting returns to the initial state. In order to obtain at least 
approximate values for these factors a potential energy surface for the 
system H-Ci-H was constructed and is shown in figure 7 , The values given in 
table 8 were used for the Morse curves and 20 % additive binding was 
adopted. The result (figure 7 ) is rather surprising, since instead of finding the 

34‘3 
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usual saddle point separating the initial and end state a trough 18 koal. deep 
was found indioating that the H-Cl-H complex has a considerable stability. 

The physical reason for this, according to London’s formula (Eyiing and 
Polanyi 193 1 ), is the lack of repulsion between the hydrogen atoms, which 
are too far apart in the complex to interact. 



Fkujrk 7. Contour map of H-Cl-H. 


Assuming that this complex is stable and is in thermodynamic equilibriiun 
with its components, one finds that the rate of interchanges 

D + HCWD-Cl-H-^DCl+H 

is given by the rate of formation of D-Cl-H only. According to figure 7 this 
rate has the low activation energy of 5 kcal., which has to be compared with 
lOkcal. found for reaction ( 4 ) by the Eyring-Polanyi method using 20 % 
additive binding, and not with 6 koal. obtained experimentally. It is also 
probable that in the region of the potential barrier in figure 7 , dispersion 
forces, not considered in the Eyring-Polanyi method, play an important 
part. These forces would tend to lower the calculated activation enei^. 
Inspection of the sterio factors (partition functions) shows that they also 
favour reaction (6). For these two reasons reaction (6) should be much 
faster than ( 4 ), and it seems that in this case the potential surfaces given lead 
to the wrong result. However, the third factor influencing the rate remains to 
b8 investigated, namely, the transmission coefficient. 
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Provided the application of classical mechanics is justified, Eyring and 
Polanyi (1931) were able to show that the motion of the representative point 
on the potential energy surface corresponds to that of a rolling ball, if the co¬ 
ordinates of the surface are chosen in such a manner as to form an angle 
which is a function of the masses of the colliding atoms. 

In the case of the mass of the central atom being much larger than the 
mass of the outer atoms this angle approaches 90 °. This is exactly the case 
in reaction (6). For this reason, together with the small interaction of the 
hydrogen atoms, the reaction path as indicated by the dotted line in 
figure 7 is nearly parallel to the x co-ordinate and nearly perpendicular to the 
equipotential lines. The representative point is therefore reflected in the 
same direction as that in which it moved, and can leave the trough by the 
same pass over which it entered, i.e. without having reacted. In terms of 
colliding atoms tliis means that owing to the disparity of masses and to the 
small interaction of the outer atoms, the reacting hydrogen atom transmits 
no part of its kinetic energy to the vibrational energy of the hydrogen- 
chloride molecule, and as a result the complex dissociates again, just like 
two recombining atoms which are not stabilized by a three-body collision. 

Since for the mechanism given the structure of the entire potential energy 
surface is essential, it is necessary to note, that even if this structure is 
correct up to the equilibrium distances of ro(H<?i) it is very doubtful whether 
this is true for the region (marked A) where and in which 

reflexion occurs, since there the method of constructing the surface is known 
to break down. However, for the present puri)ose it is only necessary that the 
equipotential lines should be perpendicular to the reaction path, and in A 
this condition might be fulfilled, even if the distance between two equi¬ 
potential lines is uncertain. In the light of these argiunents it seems justified 
to ascribe to reaction ( 5 ) a low transmission coefficient which would make it 
much slower than ( 4 ). 

There is some experimental evidence that the complex H-Cl-H is formed 
under special conditions. In investigating the interaction of hydrogen 
atoms, as produced from a discharge, with hydrogen chloride, Rodebush and 
Spealman (1935) found that very small quantities of hydrogen chloride had a 
great effect on the rate of recombination of the hydrogen atoms, while no free 
chlorine was found amongst the reaction products. They showed that two 
different mechanisms were compatible with their results: (I) The reaction 
H-h HCl-^Hg-f Cl occurs in the gas phase and the resulting Cl atom is 
adsorbed on the walls where it eventually recombines with a hydrogen atom 
to form HCL ( 11 ) The reaction H-f HCl-^Cl-l-Hg occurs through inter¬ 
change of a hydrogen atom and an adsorbed hydrogen-chloride molecule; the 
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resulting chlorine atom remains adsorbed on the wall and recombines as 
in (I). In the light of the present discussion the following mechanism seems 
to be possible. The complex H-Cl-H is formed through interaction of 
hydrogen atoms and hydrogen chloride adsorbed on the wall, the excess 
energy now being easily removed. Owing to the heat of reaction of 18 kcaJ. 
the complex is desorbed and will eventually react in the gas phase according 

H + H-C1-H->H2 + HC 1 , or HaH + + 2 HC 1 . 

The mechanism given here possesses the additional merit in that it accounts 
for the high efficiency of hydrogen chloride in catalysing the recombination 
of hydrogen atoms, without necessitating the disruption of the hydrogen^ 
chloride molecule and the formation of chlorine atoms. Rodebush and 
Spealman assume that the latter are strongly adsorbed on the wall, where 
they eventually recombine with hydrogen atoms to form hydrogen chloride. 
It is difficult to account for this strong adsorption of chlorine atoms, since 
they are known to pass even traps cooled below the boiling point of liquid 
chlorine (Rodebush and Klingelhoeffer 1933) without recombination, we 
might also expect to find at least a fraction of the Cl atoms produced in the 
form of CI2 molecules amongst the products of the reaction, but this ap})ear8 
to be the case to only a minor extent. 

From the picture arrived at in the last paragraph, some deductions may 
be drawn as to the mechanism of exchange reactions of more complicated 
molecules, such as HgO, NH3 and CH4 (Farkas and Melville 1936; Morikowa, 
Benedict and Taylor 1937; Steacie and Phillips 1936). It was found that in 
the first two oases the reaction proceeds by the true ‘‘exchange’' type, i.e. 
D + H20-->HD0 + H as distinct from “dehydrogenation”, i.e. 

D + HaO-^OH-fHI). 

This is explained by the ease with which the respective transition coKhplexes 

D D 

i I 

O and N 

are formed, since owing to the large distance between the apx>roaohing 
deuterium atom and the hydrogen atoms the repulsion between them will be 
small. In considering the series of complexes DCIH, DOH*, DNH^ the attrac-^ 
tion between the bonded atoms Cl —Dy O—D, N—D will not change very 
much, since the dissociation energies and equilibrium distances of the 
D—-Cl, D —0 and D—bond lie closely together, while the repulsion 
between the non-bonded hydrogen atoms is greater the more there ate 
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present. One would therefore expect that the activation energies will in¬ 
crease in the order given, which is the one found experimentally. Finally, 
coming to the exchange reaction of CH^, it is significant that here the 
mechanism changes over to the “dehydrogenation*' type, since there is no 
approach left for a deuterium atom where interaction with one of the 
hydrogen atoms can be avoided. 

The exchange reaction of H2O is interesting in another way. This reaction 
was investigated at pressures of some 100-200 mm. Hg when hydrogen atoms 
produced photochemically were employed, and at low pressures of a few 
mm. Hg only with the use of hydrogen atoms from an electric discharge 
(Geib and Steacie 1935). While the activation energy was found to be the 
same in both cases, the steric factor was very much smaller at high than at 
low pressures. This result may be explained in a maimer somewhat 
analogous to the case of hydrogen chloride, in that the intermediate com¬ 
plex DOH2 cannot be stabilized in the gas phase at high pressures, but tliis 
can be done at low pressures when the reaction occurs on the wall. 

Some of the experiments described in this communication were carried 
out in the (chemical Laboratory of the University of Vienna. One of the 
authors (H. S.) is very much indebted to Professor P. Gross for his constant 
help and advice at that time. 


Summary 

The thermal exchange reactions between the following substances have 
been studied, deuterium and hydrogen chloride, hydrogen and deuterium 
chloride, para-hydrogen and hydrogen chloride. The mechanism of these 
reactions consists of a superposition of a bimolecular reaction of the t3rpe 
Dji -h HC 1 “>HD H- DCi, and of an atomic chain reaction, initiated by thermally 
dissociated atoms. The atomic chain is found to proceed by the sequence 
D + HCl^HD + Cl, 01 + + DCI, while the reaction D + HCL>DC 1 -f H 

does not occur. 

Activation energies, calculated from band spectroscopic data by Eyring 
and Polanyi's method, are in agreement with the experimental results, in 
that they show that both these mechanisms can occur. Prom the form of a 
potential energy contour map the non-occurrence of the reaction 

D + HC 1 ->DC 1 h-H 

can be explained as due to a low transmission coefficient. In addition to these 
results, values for the rate of some of the elementary reactions involved have 
been obtained and are discussed in the light of the transition state theory. 
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The exchange reactions between deuterium and 
hydrogen halides 

II. Hydrogen bromide 

By H. Stbinbr 

Laboratory of Colloid Science, Cambridge 
{Communicated by E, K. Bidealy —Received 20 Jtdy 1939 ) 

This inveatigation into the exchange reaction of deuterium and hydrogen 
bromide was carried out in order to substantiate some results obtained in 
Part I on the reactions of deuterium and hydrogen chloride. It was desired 
to find out how the change to the analogous system affects the bimolecular 
reaction observed in the hydrogen chloride case and also to obtain some 
more information concerning reactions of the type D + HA->DA -f H, which 
from the theoretical considerations given in Part I have unusual character¬ 
istics. 


Experimental 

Hydrogen, para-hydrogen and deuterium were prepared as described in 
Part I, 

Hydrogen bromide was obtained from the elements by catalytic combina¬ 
tion over platinized asbestos. Cylinder hydrogen was used, and the usual 
precautions to eliminate traces of oxygen and moisture were taken. After 
passing through liquid bromine the gas mixture with hydrogen well in excess 
was passed over the asbestos through a trap maintained at - 50 ° C, and the 
resulting hydrogen bromide was condensed and fractionated. In the solid 
state it was white in colour. The apparatus and procedure were identical 
with those described in Part I. 


Results 

The investigation was simplified by the knowledge gained in the study of 
the exchange reaction in Part I. Therefore two series of measurements only 
were necessary to establish the kinetics of the reaction. In the first the 
ortho-para conversion catalysed by hydrogen bromide was studied over a 
oonsiderable range of pressures and temperatures, m the second the ex¬ 
change reaction of deuterium and hydrogen bromide was followed at one 
temperature only. 


C 531 ] 
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The ortho-para-hydrogen comrersion caialysed by hydrogen bromide 

The results of Part I indicate that an exchange reaction in the system 
+ HBr can result from the following reactions: 

I. The usual ortho-para conversion occurring at high temperatures and 
initiated by hydrogen atoms 

H + (ij), 

II. The following chain reaction due to the presence of hydrogen bromide. 

Hj, ^ 2H (A\). 

HBr5±H-hBr (A*), 

H-fHBr->H*p+Br (*'), 

H-fHBr->H5i„ + Br 
Br-f H2j,->HBr-f-H (ij), 

Br + Ha„->HBr-fH {k^). 

III. A bimoleoular reaction of the type 

Hj„ + BBr^H^-(-HBr (k^). 

Using steady state equations to derive the concentration of the atoms 
which act as chain carriers, the following equation for the overall rate is 
derived from the scheme given above: 

+ ( 1 ) 

In this equation x denotes the para-hydrogen content, and k^ and Jk, are the 
sums of k[ -t- k{ and k'^ -1- k\ defined in the scheme given above. On integration 
one obtains 

+ ( 2 ) 

Here and x, stand for the para-hydrogen content at times o and t 
respectively. 

From figure 1 where results of some experiments are plotted, one can see 
that the exponential law given in (2) is fulfilled. It is now necessary to 
separate the different constants on the right-hand side of equation (2). It 
can be shown that k^ 4 , k^, therefore the first term will give a small oorreoti<m 
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only, can be calculated approximately from the rate of formation of 
hydrogen bromide (Bodenstein and Lind 1907), where the reverse reaction is 
the rate determining step and from the equilibrium Br-f HBr-fH. 
The magnitude is well known (Farkas 1930). One thus obtains the ratio 



Figure 1 . Experimonts with Hjp + HBr. 


T° Abs. 


821 


881 


931 


984 


Table 1 


[H,] X U>‘ 
mol./I. 

[HHr] X 10 * 
rnol./l. 




2-12* 

1*95* 

00242* 

0*0231* 


2'18 

2-20 

00237 

0*0226 


3-30 

4*30 

0*0201 

0*0193 


395 

3*65 

0*0220 

0*0209 


6-20 

2*60 

0-0220 

0*0200 

16-8 

14*0 

0*0196 

0*0186 

1 

180 

16*8 

0*0264 

0*0253 

1 

0-75 

0*69 

0*232 

0*220 

1 

1 

1*27 

1*46 

0*206 

0*196 


3*54 

3*91 

0*223 

0*213 


7*5 

6*9 

0*246 

0*233 


f 0*242 

0*258 

0*81 

0*75 


|l*59 

1*83 

0*91 

0*82 


2*44 

2-54 

0*71 

0*66 


[ 7*8 

2*69 

1*03 

0*81 


rO-203 

0*203 

5*66 

5*21 


10*445 

0*371 

6*10 

4*78 


10*698 

1*25 

5 28 

5*04 


[ 0*886 

0*725 

4*60 

4*20 
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0* I. The object of the runs with para-hydrogen is therefore reduced 
to the separation of the bimolecular and atomic reaction, i.e. the second and 
third term in (2). 

In table 1 the data for all experiments are summarized. Although the 
pressure of hydrogen was varied over a considerable range, it is seen that no 
systematic variation of the constant A with pressure occurs, as the bimole¬ 
cular reaction III would require. The variations in some of the constants are 
somewhat large, but no systematic trend can be observed. It is therefore 
concluded that the bimolecular reaction is absent in the temperature region 
investigated. The results of an experiment which was performed in a packed 
vessel are included in table 1 (marked with asterisks). Since they show no 
increase in rate the reaction is considered to be homogeneous. 

The correction for the reaction H-h ( 1 ) was calculated from Farkas's 
data and the corrected values which are given in the fifth column of table 1, 
represent x k^. 

The exchange reaction of deuterium and hydrogen bromide 

The bimolecular reaction III having been excluded, the chain reaction II 
was the only one which could bring about exchange in the system 4* HBr. 
The following reactions were considered to take part in the chain: 

Da 52 Br (K[), 

ri 

HBr^H + Br (A^), 

r, 

U 4*1)2 —>'HD 4 'D (hi)i 
H4*HBr->H2 4 -Br {k^), 

D 4 *HBr^HD 4-Br (*3), 

D + HBr-»^DBr + H (k^), 

Br4-I)a -vDBr + D (^ 5 ). 

Since experiments were confined to the beginning of the reaction only, 
consideration of the reverse reaction can be omitted. In addition reaction (1) 
can be neglected as is shown by a comparison of the value given for 
(Farkas and Farkas 1935) with the one obtained for k^ as derived from the 
ortho-para conversion. This leads to the ratio k^jk^ = 0 - 02 . 

Neglecting (1), the overall reaction is given by 

- dDldt - \k^[D] [HBr] + k^[il] [HBr]. (3) 

The factor ^ before *3 accounts for the deuterium content of only 60 % of 
the resulting HD. 
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To derive the stationary state concentration of the atoms the assumptions 
in Part I are again introduced. The sum of the atom concentration is then 
given by the dissociation and recombination reaction only, while the ratio 
[H]: [D]: [Br] is determined by the exchange reactions (1)...(6). 


In this way one obtains 


m \ 


and one is led to the limiting cases 


and 


I, H>D 

II, H«D. 



Fiotob 2. Experiments with Dg+HBr. 

X Equilibrated; • unequilibrated H,-Dg; O unequilibrated 


In case I the overall rate reduces to 

= A;,[H][HBr], ( 4 ) 

and in case II [HBr]. ( 5 ) 

As shown in Part I these two possibilities can be distinguished by examin¬ 
ing the products of the reaction. In case I, Hg is formed, while HD is formed 
in case II. 

In figure 2 the results of two experiments are plotted. Crosses mark 
determinations where the Hg -f- Dg ^ 2HD equilibritim had been established. 
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full circles those of unequilibrated samples when the Hj-Dg calibration curve 
is used, while open circles are obtained for the same determinations from the 
Hg-HD-Dg calibration curve. This shows conclusively that, contrary to the 
Dg + HQ experiments, in the present case Hg is produced predominantly 
and mechanism I is operative. 

To obtain the rate constant in ( 4 ) the concentration of hydrogen atoms 
has to be evaluated. Considering the fact that the hydrogen atoms are 
present in large excess, one obtains 

[H] = ^K,C^[D,l (6) 

where the factor C is given by 


iSTg [HBr] 

, k, [HBr] 
[I^g] 


Vi 3-7 X 10-w 
r, 35 xid-i» 


ri 2-5 X 10 “ 
9-4 X 10 ® 


0-63. 


(6o) 


In this formula r[ is the rate constant of the reaction H + The 

numerical values given are derived as follows: K[ was taken from table 9 of 
Part I, Jfg was calculated by combination of values of this table with those 
found for the equilibrium Brg 2Br (Gordon and Barnes 1933). The heat of 
dissociation of hydrogen bromide was taken as 85*97 kcal. The rate constant 
kg can be obtained from the conversion experiments (see table 3 ), while k^ 
was extrapolated from a determination at 600 ° by BonhoefFer, Bach and 
Moelwyn-Hughes (1934). It is seen from (6a) that the ratio of the recombina¬ 
tion constants (r^, rg, rj) can be neglected. 

Introducing (6) and (6 a) in ( 4 ) one obtains for the rate constant i) 


^[Hg]_1_ 

“ At [HBrJVLD*] 


0*63VX;ifcg. 


( 7 ) 


In table 2 the data for the experiments with Dg + HBr mixtures at 
884 ° Abs. are summarized and in column 4 the rate constant D is given. 


Abs. 


884 


Tablb 2 


10^ mol./I. 

[HBr] X 10* mol./L D mol./l.-* seo.“^ 

[ 1*28 

1'3» 

0-069 

1 3*04 

2-74 

0-074 

1 6*2 

6*0 

0-068 

[ 4‘3 

42 

0*066 
Average 0-067 


Estimation of the constant kg from D can also test the correctness of 
Bchemel, since the value obtained has to agree with thatfound from theortho*^ 
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para conversion. For this the constant D is corrected to 881 ®, and with the 
value of at this temperature one obtains = 1*1 x 10®mol.“Vl* 
as compared with 2*6 x 10® which was obtained from 

the ortho-para conversion (table 4 ). The difference might be due to the 
uncertainty in the extrapolation of the rate constant of equation (6a) as 
well as to the value of at 881 ®, which as can be seen from table 4 is probably 
too high. On the other hand, it is possible that the difference is real, since the 
experiments to distinguish HD and D^ are not accurate enough completely 
to exclude mechanism II, which would also lower as determined from the 
Dg + HBr experiments. 


Discussion 

The results show that the kinetics of the HBr reaction are different from 
those of the HCl reaction. In the first place no bimolecular reaction occurs. 
This result, though negative is important since one would expect the reaction 
Hgp -f HBr to have a considerably lower activation energy than the corre¬ 
sponding one involving hydrogen chloride. To investigate how far theory can 
account for this fact the activation energy has been calculated according to 
the Eyring-Polanyi {1931) method. 

For the construction of the Morse curves the data given in table 3 were 
used. 

Table 3 

D (koal.) fo (A) a 

H-H 108-6 0-74 1*94 

H-Br 89-9 1-42 1-83 

The constants have the usual meaning. 

The modification proposed by Eyring and Altar (1936) was applied again 
and a value of 17 % additive binding was adopted. The energy obtained for 
the transition complex was 146 kcal., which combined with an initial state 
of 196 kcal. gives 60 kcal. for the activation energy, when the zero-point 
energies of initial and transition states are neglected. This value is lower by 
3 kcal, only, than the one found for the HCl reaction from the corresponding 
energy surface. If we use this difference of 3 koal. and the experimental 
activation energy of 57 koal. found for the HCl reaction, we obtain 54 kcal. 
for the HBr reaction. This has to be compared with 51 kcal. found from the 
data of table 1 for the apparent activation energy of the atomic reaction. The 
difference of 3 koal. makes the non-occurrence of the bimolecular reaction 
likely, as can be better shown by applying the collision theory. Assuming an 
increased collision diameter of 10 A, as the results in the HCl case suggest, 
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one obtains rate constants of 0'016 (mol./I.)~*8eo.“^and 3*2(mol./l.)~^*ec.~* 
at 821 ° and at 984 ° respectively. To compare these values with the rate 
constants of the atomic reaction we have to multiply them by (see 
equation (2), p. 634 ). If we take the highest values of which were used 

in the experiments, we obtain 7 x 10 ~*(mol./l.)~*sec.“^and 3 x 10 ~*(mol./l.)“* 
sec.“^at 821 °and 984 ° res{)ectively. This is only a few per cent of the atomic 
constants {A) which are listed in table 1. 

The significance in the present case lies not so much in the actual agree¬ 
ment with experiment, since it is doubtful whether the theory in the present 
state can predict such small diflferences, as in that the importance of the 



Figure 3. Contour map H-Br-H. 

energy of the transition complex is demonstrated. This energy is taken into 
account in the right way by the theory. Were the bond strength of the initial 
molecules only decisive, much greater differences in the activation energies 
should have been observed. 

The second point in which the HBr reaction differs from the HCl reaction 
is the mechanism of the atomic chain. This was found to follow the alterna¬ 
tive of the two possible sequences due to the ready occurrence of the 
reaction ( 4 ) D + HBr-»-DBr + H, which was found to be fast as compared 
with (8) D H-HBr->HD-t-Br. It will be recalled that the corresponding 
reaction D-f HCl-*-DCl-c H did not take part in the chain of the HCl 
reaction and according to the potential energy diagram this was due to a 
small “transmission coefficient”. 

The potential energy surface in the present case is found in figure 3. For 
the calculations 20 % additive binding was adopted and the data of table 8 
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weoro used for the Morse curves. In figure 3 there is again an energy trough in 
the centre although somewhat Jess deep (-ISkcal,), with passes only 
2*8kcal. high on both sides. Thus the complex H-Br-H should also have 
some stability. However, the diagram of figure 3 differs from the one for 
H-Cl-H in one important point. In the latter diagram (see figure 7 , Part I) the 
equii)otential lines were nearly perpendicular to the reaction pass and as a 
result the representative point was reflected back over the pass over which it 
entered, i.e. the complex decomposed into the initial substances. In the 
present case the equipotential lines in the region where reflexion occurs 
bend towards the reaction path (indicated by the dotted line). The repre¬ 
sentative point will therefore be reflected to one of the walls and will be 
trapped in the energy trough as indicated. This means that owing to the 
greater interaction of the H-Br oscillators, energy flows from one to another 
and the system can be stabilized. Once this is done the chances that the 
complex decomposes in one of the two possible ways may, to a first approxi¬ 
mation, be taken as equal,* 

However, as in the case of the H-Cl-H complex, again the mechanism 
depends very much on the contour of the surface in the region where re¬ 
flexion occurs, and as noted in I, it is difficult to judge to what extent the 
surface is accurate in tliis region. Provided this is accepted, the surface 
demonstrates that no restriction due to a small transmission coefficient 
occurs in the present reaction. But it has still to be shown that the reaction 
( 4 ) D *f HBr->DBr + H is fast as compared with ( 3 ), D -f HBr-^HD -h Br, 

A difference in activation energies cannot account for this, since this 
cannot exceed 1000 cal. which is the order of magnitude of the experimental 
activation energy for the reaction ( 3 ), and at 880 ° this gives a factor of 1-8 
only. However, the partition function of the complex D-Br-H for the con¬ 
figuration at the saddle point (marked with a cross in figure 3 ) reveals that 
the bending frequency is extremely low. Evaluation leads to a value of 70 
wave numbers only. Since in this case hv<^kT the resulting factor in the 
partition function is given by {hv^jkT)-^ = 100 (the square accounts for the 
twofold degeneracy of the bending vibration), while the corresponding 
frequency of the D-H-Br complex is given as 400 wave numbers (Wheeler, 

Topley and Eyring 1936). This leads to a factor 

other quantities influencing the partition function do not differ much 
fyom one another in both oases and are therefore neglected in this rough 

* In the case of the system D-Br*H this might appt^ar to be less true, owing to the 
difference of mass of H and D, but the various feiotors in the partition function which 
depmud on mass tend to cancel each other. 

Vdl. 173* A 


35 
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estimation. Assuming a difference in the activation energies of 1000 oal. ajul 
taking into account that only one half of the complexes decompose into 
H + DBr one obtains kjk^ ~ 10 . 

The low bending frequency of the complex D-Br-H is due to the small 
interaction of the hydrogen atoms and this means, according to the collision 
theory, that for reaction (4) collisions where the path of the approaching 
atom forms an appreciable angle with the axis of the molecule are successful, 
while for reaction (3) to occur the atom must approach very nearly in the 
direction of the axis of the molecule. 

In the last paragraph the results which have some bearing on the problems 
raised in Part I have been discussed. It was shown that theory can account 
for the changes in the kinetics observed. But according to the calculations 
these changes are due to small differences only in the factors which influence 
the rate. Therefore, considering that the theory is approximate, the agree¬ 
ment has to be judged with care. 

Apart from this result in the present investigation the rate of the reaction 
H 4- HBr^Hj + Br has been determined and can be compared with values 
obtained at lower temperatures. In column 3 of table 4 the rate constants 
for the reaction H + HBr are listed (kg). They were derived from the experi¬ 
ments on the ortho-para conversion, with the help of the well-known data for 
the hydrogen dissociation (see table 9, Part I). 


Table 4 


Abs. 

ill h (moL/1.)-* sec.-^ 

A^gXlOio (mol./l, 

821 

00214 

22 

881 

0-216 

2-6 

931 

0-78 

2*0 

984 

4-81 

2-6 


Allowing for the temperature dependence of the ooUision frequency one 
obtains for the activation energy at 900° a value of - 900 ± 1800 cal., which 
has to be compared with + 600 + 600 cal. at 600° as derived from the rate of 
the hydrogen bromide formation (Bodenstein and Lind 1907 ) and the equili¬ 
brium Br -t- Kgs^HBr + H. Using 2-4 and 3*2 A as diameter of the hydrogen 
atom and hydrogen-bromide molecule respectively gives 0-6 and 0 * 1 for the 
steric factors at 900° and 600°. 

For the comparison with the transition state theory formula (I) given on 
p. 617 of Part I will be used. The values for the different constants were 
taken from Wheeler efai. ( 1936 ). They are given in table 6 where the symbols 
and units are the same as in Part 1. 
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The quantity Eg “the activation energy at the absolute stero” will be 
calculated from the temperature coefficient of the experimental reaction 
rate with the help of the formula cited below. 


Table 6 


Vi 




2603 

2340 

760 ?: 

460 10-34 2-00 

Taking 

zero and + 220 for 

d(i/r) 

900 ^^ and at 500 ° respectively we 


obtain — 1600 and +600 cal. for JJg. Putting = 0 leads to = 3-6x 10“ 
and ifc,oo° = ^ compared with the experimental values of 1-3 x 10“ 

and 2-6 x 10“. Eg set equal to 1000 cal. would give full agreement with ex¬ 
periment. 

Prom this discussion it is seen that while in the present case the transition 
state theory does not agree completely with experiments, nevertheless it 
seems to be superior to the collision theory which leads to a fivefold increase 
of the steric factor in the temperature interval investigated (600-900°). In 
contrast to the present results we found in Part 1 that the steric factor of the 
reaction Cl + Hj and H + Hg decreased in the temperature range of 300- 
1000° Abs. The transition state theory suggests that for three atom reactions 
of the type discussed here, whose transition complex has similar vibration 
frequencies, the steric factor as determined by the collision theory should 
have a minimum at about 600° Abs. At that temperature the correction for 
tunnelling becomes unimportant while the factor in the partition function 
which is given by the bending frequency differs appreciably from unity at 
higher temperatures only (see formula I of p. 617 in Part I). This fact together 
with the different power with which the temperature enters in the respective 
formulae (T+* in the collision theory and T~^ in the transition state theory) 
seems to account for the better agreement of the latter theory with experi¬ 
ment. It should be possible to arrive at a definite conclusion as to the 
quantitative correctness of the transition state theory by observing reaction 
rates over a very wide range of temperatures. 

The author wishes to thank Professor E. K. Rideal, P.R.S., for his con¬ 
tinual encouragement and advice. 
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StJMMABy 

The exchange reactions of para-hydrogen and of deuterium with hydrogen 
bromide have been studied. It was found that the mechanism differs con¬ 
siderably from the one of the analogous reaction between deuterium and 
hydrogen chloride. No bimolecular reaction was found and the atomic chain 
reaction, which caused the exchange, followed the alternative of the two 
possible sequences. Potential energy diagrams were constructed from band 
spectroscopic data according to the methods developed by Eyring and 
Polan3d. They were found to account satisfactorily for the changes observed. 
In addition, values for the rate of the reaction H + 4- Br are given 

and discussed. The transition state theory seems to account somewhat 
better than the collision theory for the temperature dependence of the rate 
of this reaction. 
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The molecular fields of carbon dioxide 
and nitrous oxide 

By R. E. Bastiok, H. R. Hbath and T. L. Ibbs 
Physics Departmenty University of Birmingham 

{Communicated by M. L. Oliphanty F.R.8*—Received 28 July 1939) 

iNTItODtrCTION 

Experiments show that the thermal separation produced in a mixture of 
two gases by a temperature gradient may generally be regarded as pro¬ 
portional to log (TJT^) over a considerable range of ordinary temperature, 
Tj being the absolute temperature of the hot side and that of the cold side. 
Thus the total difference in concentration dA in the mixture may be written 

JA = i,Iog(7i/?’a), 

where the constant kt is the coefficient of thermal separation. The theoretical 
meaning of the constancy of kf (Chapman 1918 ) is that the unlike molecules 
may be regarded as point centres of repulsive force obeying an inverse 
power law. At lower temperatures there is a general tendency for hi to de¬ 
crease gradually with temperature. The general expression for the experi¬ 
mental value of hi may be written 

. _ dAj _ dAy 

where is the proportion of the heavier gas, A, the proportion of lighter gas, 
and Ai + Aj * 1 . 

A x>eouliarity has been found in the measurements of thermal separation 
in mixtures containing carbon dioxide, in that hi changes from one definite 
value below about 145° C to a higher definite value above that temperature 
(Ibbs and Wakeman 1932 ). This led to the conclusion that there is a change 
in the nature of the molecular field of carbon dioxide from a “soft ” molecule 
to a “harder” molecule, i.e. the behaviour above 146°C becomes more like 
that of a rigid elastic sphere. Measurements of the viscosity of carbon di- 
b:idde support this conclusion. 

As such a change in molecular field is of physical importance, it is interest¬ 
ing to consider the additional evidence which is now available on this subject. 
G. and 0. Bliih and M. Puschner ( 1937 ) have recently measured the thermal 
separation in mixtures of carbon dioxide and hydrogen from room tempera¬ 
ture to 687° C. The results are in agreement with our own in showing a 
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considerable increase of ki with temperature, the behaviour thus differing 
from that of other pairs of gases. These authors prefer however to regard the 
change in as a gradual one. This is probably the most justifiable procedure 
in their case, as the observations are less regular than our own, and hardly 
capable of deciding between the two interpretations. 

We have now made further experiments on mixtures containing carbon 
dioxide and measurements have also been made on mixtures containing 
nitrous oxide. The striking physical similarity which is known to exist 
between these two gases suggests that the peculiarity in field which we are 
considering may also occur in the case of nitrous oxide. The molecules have 
very nearly the same molecular weight, diameter (Smith 1922), molecular 
field (Jeans 1921), and inter-molecular field (Ibbs and Underwood 1927). 
Measurements on the viscosity of nitrous oxide have also been made. 

A peculiarity in the variation of the viscosity of carbon dioxide with 
temperature suggests the possibility of a corresponding effect in the thermal 
conductivity. Archer (1935) has measured the variation of thermal con¬ 
ductivity with temperature and com^ludes that his results give no indioatioti 
of any effect which would be due to a change in the nature of the molecular 
field. An examination of Archer's results (Ibbs 1936) shows, however, that 
they give surprisingly encouraging support to the conclusion of a change in 
field. 


Method of experiment 

The “continuous flow" method described in our 1931 paper has again 
been used to measure the thermal separation in nitrous oxide-hydrogen and 
nitrous oxide-nitrogen mixtures. It seemed desirable however to make other 
measurements on carbon dioxide and also on nitrous oxide using a different 
form of apparatus. The “static" method described in earlier papers (Ibbs 
1925) was therefore employed. In this method, where in effect two vessels 
are joined by a connecting tube, the cell of the Shakespear katharometer 
(Daynes 1933) forms the small cold side of the apparatus in which the change 
in concentration is observed. Small improvements were introduced to reduce 
the unsteadiness of the zero reading for the gas before thermal diffusion had 
token place. The volume of the hot side was increased to 62*7 o.c. The volume 
of the cold side was 1-3 c.c. The increased volume of the hot side reduces the 
effect of any uncertainty in the effective volumes of the two sides tt^hen 
calculatmg the total separation. The combined effect of the changes in 
apparatus add considerably to the accuracy of the results. 

The viscosity measurements were again made by the capillary tube 
method previously described (Ibbs and Wakeman 1932). 
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ExPEBIMBITTAL BBSTn:4T8 FOR CABBOB DIOXIDB 

(1) Thermal diffusion in mixturea of tmrhon dioxide and 
hydrogen ('‘static” method) 

Measurements were made on a mixture containing 47"0 % carbon dioxide 
and 63'0 % hydrogen, between room temperature and temperatures up to 
about 300° C, (room temperature) being approximately constant through¬ 
out. Figure 1 gives the relation between the total separation and logio(^i/^a)' 



Fioube 1. Thermal diffusion, hydrogen and carbon dioxide. 

It is in close agreement with the results previously obtained by the “con¬ 
tinuous flow” method. The definite change firom one slope to another is 
again observed and the point of intersection corresponding to about 146° C 
is in good agreement. The accuracy with which the points lie on the two 
straight lines shows that the results should not be represented by a con- 
t^uous curve. It is possible that the two straight lines near their point 
of intersection may be joined by a short curve but there seems to be 
little indication of this, and it would not affect the essential character of 
the results. 
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The values of (experimental) below and above 146° C and the calculated 
value of k^ (rigid elastic spheres) are given in table 1. The thermal separation 
ratio 

^ (experimental) 

* (rigid elastic spheres)* 

and the repulsive force index are also shown. The values of are ob- 
tained from the values of R^ by using the following formula which is due to 
Chapman* 

R 

'" 10 (%- 1 )‘ 

In the earlier work we used an approximate formula in calculating which 
omits the factor and consequently gives high values of 


Table 1 



experimental 

hi rigid 

elastic spheres 

Rt 


Below 146° C 

00689 

01672 

0*438 

7-0 

Above 146° C 

00899 

01572 

0-672 

8*1 


(2) Therrnul diffvMon in mixtures of ca^rbon dioxide and 
nitrogen {''static** method) 

Similar exj)eriments were made on a mixture containing 60-7 % carbon 
dioxide and 39*3 % nitrogen, and the results shown in figure 2 are again in 
satisfactory agreement with those previously obtained by the “continuous 
flow'' method. As the thermal separation is much smaller the same degree of 
accuracy cannot be exx)ected as for carbon dioxide-hydrogen mixtures, but 
the change in slope of the curve is well shown with the point of intersection at 
about 143° C. 

The values of and Si^ are given in table 2. 

(3) The thermal conductivity of carbon dioxide 
The well-known relation 

K^fvC, 

between thermal conductivity (K), viscosity { 7 ,) and specific heat at constant 
volume (Cj,), where / is a constant for a particular gas, suggests that any 

peonJiaiity in the yieeoeity wUl show itself isUo in the thetm.1 oonduotirlty. 
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logi« {TJTt) 

Fioube 2. Thermal diffusion, nitrogen and carbon dioxide. 


Table 2 


N*-~-CO, 

ki 

experimental 

rigid 

elastic spheres 

Rt 

Ht 

Below 148^^ C 

0«0119 

00634 

0-222 

5*8 

Above 143° C 

00261 

00634 

0*488 

7*4 


Archer ’b observations ( 1935)00 the variation of the thermal conductivity of 
carbon dioxide with temperature are the only ones of sufficient accuracy to 
enable a comparison to be made. We have already pointed out (Ibbs 1936 ) 
that they appear to support the conclusion of a change in field, but as no 
further evidence is yet available a more detailed examination is of interest. 

The apparatus used by Archer was essentially the same as that previously 
used by Gregory in his measurements on hydrogen (Gregory 1935 ), and pro¬ 
vides a powerful and accurate method of investigation. Gregory’s results for 
hydrogen give a means of estimating the relative acciuracy of the observa¬ 
tions at different temperatures. A log A-log T curve for hydrogen gives an 
accurate straight line up to about 230° C, which means that K varies as a 
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power of T, Gregory suggests that there may be difficulties at the higher 
temperatures and clearly regards the two observations above 230® C as less 
reliable than the rest. He mentions that for the higher temperatures it was 
necessary to introduce an additional heater of two kilowatts capacity into 
the oil thermostat and questions the effect of possible impurity in the gas. 

Archer gives a graph showing the relation between log K and log T for 
carbon dioxide in which a straight line is drawn through all the points, but 
this does not give a very close fit. Figure 3 shows Archer’s observations for 
carbon dioxide. It will be seen that the eight consecutive points from 36*7 to 
264*7® C, four of which lie above and four below 140® C, can be well repre¬ 
sented by two intersecting straight lines meeting at a point corresponding to 
this temperature. The bending effect is well shown and is in the same 
direction as previously observed in the log 7 -log T curve and is found to be 
at least as great as would be expected from the change in 7 . This representa¬ 
tion omits points at 282 * 1 and 318*8® C, which may be less accurate owing to 
the change in the heating arrangement already mentioned. Archer’s obser¬ 
vation with the mean temperature of the gas at 1 2* 1 ° C is at a lower temper¬ 
ature than any recorded by Gregory with this arrangement and would 
necessitate a change in the method of using the thermostat, substituting 
melting ice for the oil. It may therefore be possible that this should also be 
left out of consideration. Although the eight observations between 36*7 and 
264*7® C would not in themselves constitute sufficient evidence for conclud¬ 
ing that there is a point of singularity in the logiT-log T curve and conse¬ 
quently that there is a peculiarity in the molecular field, they give en¬ 
couraging sui)port to our conclusion of a change in field originally reached 
through the evidence of thermal diffusion. 

Sherratt and Griffiths ( 1939 ) have recently measured the variation of the 
thermal conductivity with temperature of several gases. Their results for 
carbon dioxide are not sufficiently regular to settle the point in question, but 
these authors propose to set up a new apparatus which it is hoped will give 
results of the necessary accuracy. 


Experimental results for nitrous oxide 

( 1 ) Thertn^l diffu$ion in Tnixtwires of nitvous fltwd! 
hydrogen (‘'contintuyusflow'^ method) 

Measurements were made on a mixture containing 44*7 % nitrous oxide 
and 66‘3 % hydrogen, and the results are given in figure 4 . The oharaoteristio 
change in slope of the curve which is shown in mixtures containing carbon 



Figure 3. Aroher’a results for carbon dioxide. 

0 Eight consecutive points, four above and four below 140® C. 
□ Points omitted for reasons which are discussed. 



logwCr^r.) 

Fzauiia 4. Thennal diffusion, hydrogen end nitrons oadde. 
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dioxide is again evident. The peculiarity however ooouis in this ospse at the 
lower temperature of about 120° C. 

As the molecular mass and diameter of nitrous oxide are the same as for 
carbon dioxide the expression for kf (rigid elastic spheres) previously ob¬ 
tained for carbon dioxide-hydrogen mixtures from Chapman’s formulae will 
apply also in this case; 


, . , , . , >5 (0-216A,-h0139A.) 

i, (rigid elMtlo .phuK.! = 2 


The values for ki, R,, and ajg are given in table 3. 


Table 3 


Hj—NjO 

k, 

oxperiment-al 

kt rigid 

elastic spheres 

R, 


Below 122" C 

0*0695 

0*1006 

0*433 

7*0 

Above 122" C 

0*0810 

0*1606 

0*510 

7*6 


(2) Thermal diffusion in mixtures of nitrous oxide and nitrogen 


Measurements were made on mixtures of these gases by both the “static” 
and the “ continuous flow ” methods. The results for the former method on a 
mixture containing 65'0 % nitrous oxide and 45-0 % nitrogen are shown in 
figure 6. In this case the change is found to occur at about 128° C. The thermal 
separation is again less than for mixtures containing hydrogen. 

The expression for fc, (rigid elastic spheres) previously obtained for carbon 
dioxide-nitrogen mixtures from Chapman’s formulae will apply also to this 
case: 


kf (rigid elastic spheres) 


6 (0-163Ai-f0167A,) 

3 (^38 + 2 164Ai/Ai,-f 1-480A,/Ai)‘ 


The values for k,, Rf, and are given in table 4. The results obtained by the 
“ continuous flow ” method on this pair ofgases are in reasonable agreement. 


Table 4 



k, 

experiraontal 

k, rigid 
elastic spheres 



Below 128" C 

0'0120 

0-0670 

0*211 

6*8 

Above 128" C 

0-0286 

0-0670 

0*502 

7-6 


Check experiments on mixtures of hydrogen and nitrogen were made over 
the same range of temperature. The relation between separation and 
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log{Ti/Tt) can be very accurately represented by a straight line passing 
through the origin, showing the constant value of ki (experimental) for tUs 
pair of gases. 



FiQUKic 5. Tiiermal diffusion* nitrogen and nitrous oxide. 

(3) The viscosity of nitrous oxide 

Measurements were made on the variation of the viscosity of nitrous 
oxide with temperature between 15 and 250° C by the comparative method 
previously used for carbon dioxide. Two series of observations were made 
which were in good agreement. The result of one of these is shown in figure 6 
in which log bri is plotted against log T, where y is the coefficient of viscosity, 
6 a constant, and T the absolute temperature. The results can be represented 
by two straight lines intersecting at a point corresponding to about 120° C. 

For many gases y varies approximately as a power of T over a considerable 
range of temperature which, means that the molecules can be regarded as 
point centres of repulsive force obeying an inverse power law. This would 
give a linear relationship between log^ and logT. The change in slope 
shown in figure 6* indicates a change in the index of repulsive force. 

* These results were obtained by Dr A. C. B. Wakeman. 
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The index of repulsive force for nitrous oxide can be obtikmed from the 
viscosity at two different temperatures T^, Ig by the relation 

Applying this to the curve we obtain the index of repulsive force below 116® C, 
8^1 = 5-5, and above Ilir'C, = 6*6. This compares with the values 5-7 
and 7-5 previously obtained for carbon dioxide. 



Fiourk 6. Viscosity of nitrous oxide. 


Trautz and Kurz ( 193 ^) have made six measurements of the viscosity of 
nitrous oxide between 27 and 277° 0. and their results when plotted give a 
satisfactory indication of a change in field. The point of intersection of the 
two lines corresponds to a temperature of about 140° C, but the observations 
are not suflSoiently numerous for an accurate estimate to be made. 

Viscosity is less powerful than thermal diffusion as a means of investigat¬ 
ing molecular forces, but the observations on nitrous oxide give valuable 
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support to our oonolusions of a change in field. Unfiniianately thwe do not 
appear to be any suitable measurements of the thermal conductivity of this 
gas for a further comparison to be made. 

Measurements of the variation of the viscosity of sulphur dioxide, another 
triatomic gas, were also made between room temperature and about 300 “ C. 
A graph of the relation between log 6^ and log T is well represented by a 
continuous straight line passing through the origin, and thus indicates no 
peculiarity in the field. 


Conclusion 

The experimental evidence of thermal difiusion and viscosity shows that 
the molecular fields of carbon dioxide and nitrous oxide become “harder” 
above about 1 45 and 120° C respectively. Thus the nature of the field appears 
to depend on the closeness of approach of the molecules in collisions. The 
change is either a sharp one or it occurs over a comparatively small range of 
temperature. It seems likely that the change is closely associated with the 
structure of the molecules. No such anomaly has yet been found in the 
molecular field of other gases. 

In our earlier work, following an idea put forward by McCrea (1927,1928), 
it was suggested that the molecule of carbon dioxide might change from a 
“straight” to a “bent” or “triangular” type and that the change in field 
might be associated with the change in form of the molecules. The observa¬ 
tions of the specific heat then available seemed to show a possible discon¬ 
tinuity with temperature, which might be regarded as due to a change in 
the form of the molecules. We pointed out, however, that this peculiarity in 
specific heat might be the result of difierent methods of measurement, as all 
the observations at the higher temperatures had been made by the velocity 
of sound method. It has since been shown that the velocity of sound method 
of measuring the specific heat of carbon dioxide leads to low results as the 
vibrational energy adjusts itself slowly with the translational energy 
(Kneser 1931, 1932). Direct measurements of the specific heat of carbon 
dioxide and nitrous oxide have recently been made by Henry up to temper¬ 
atures of about 900 and 500 ° C respectively (Fowler 1936). His results are in 
reasonable agreement with the theoretical conclusion, reached from the 
analysis of the infra-red band spectrum and the dieleotrio constant, that 
both these molecules are linear each having three fundamental frequencies of 
vibration. Although the recent evidence of the specific heats is opposed to 
the oondusion of a change in the form of the molecules, further measure¬ 
ments of the specific heats between room temperature and 300 ° C might still 
be profitable. Few of Henry’s observations lie inside this interesting range. 
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It is not sturprising that both the gases considered should show the 
anomaly in the field in view of their close similarity in structure and physical 
properties. Although the molecules have many features which are similar 
they are not identical. The change in field occurs at a definitely lower tem¬ 
perature in nitrous oxide than in carbon dioxide. 


SUMMABY 

Measurements of thermal diffusion in mixtures containing nitrous oxide 
have been made between room temperature and about 300^ C, which show 
that there is a sharp change in the nature of the molecular field of this gas at 
about 120° C. This conclusion is supported by viscosity measurements. 
Further thermal diffusion experiments have been made on carbon dioxide 
which support our previous conclusion that there is a similar anomaly in the 
field at about 145° C. 
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Resonance phenomena in the disintegration 
of fluorine by protons 
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1. Intboditction 

The bombardment of fluorine with protons gives rise to a strong emission 
of y-radiation of quantum energy about 6*0 x 10® eV. The excitation function 
for this process shows a series of sharp resonances for proton energies up to 
about 2 x 10® eV (Hafstad, Heydenburg and Tuvo 1936; Bernet, Herb and 
Parkinson 1938; Curran, Dee and Petriilka 1938). If the y-rays are attri¬ 
buted to a simple capture process according to the scheme 

lop 4. JH->20Ne*->aoNe + hv, {l)t 

the maximum quantum energy of the y-radiation would be 13‘1 x 10*eV 
according to accepted mass values, whereas measurements of the y-ray 
spectrum show the presence of only one line of energy between 6*0 and 
6*5 X 10®eV (Delsasso, Fowler and Lauritsen 1937; Dee, Curran and Stro¬ 
thers 1939). This discrepancy might be explained in several ways: 

(1) The y-ray emission from the excited state of ®®Ne formed as the 
compound nucleus in reaction (1) might occur by the successive emission of 
two quanta, each of energy about 6*5 x 10® eV. 

(2) The emission of a single y-ray quantum of energy 6*5 x 10® eV might 
result in the formation of a less excited Ne nucleus which might then disin¬ 
tegrate into ^®0 and an a-particle. 

( 3 ) The emission of an a-particle of about l* 5 xlO®eV energy might 
precede the emission of a y-ray, the latter arising from the de-excitation of 
the ^®0* nucleus left after the emission of the a-particle of low energy, 
according to the reaction 

up -f ®He, 

t The symbol used in this paper denotes a nucleus in an excited state. 

3 « 
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Each of these mechanisms is in accordance with the observed resonance 
character of the y-radiation, since in each case the de-exoitation of the 
excited *°Ne nucleus takes place by means of a process with a relatively 
long lifetime, so that the resonance levels for the proton capture are sharp. 
Explanations ( 1 ) and ( 2 ), however, have been shown by Dee et aL (i939) 
be inconsistent with experimental facts. According to scheme (1) coincident 
counts should be observed in a pair of Gieiger counters exposed to the radia¬ 
tion, and experimentally less than 1 % of the expected number of coin¬ 
cidences is recorded under these circumstances. Schemes ( 1 ) and ( 2 ) also 
require the y-ray energy to be different at successive resonance levels, owing 
to the increase in the energy of the bombarding protons. Dee, Curran and 
Strothers, however, find that the energy of the y-rays corresponding to the 
resonances at proton energies of 0*33, 0*67 and 0-86 x 10 ® eV is exactly the 
same to within the experimental error of 0*05 x 10 ® eV. These authors there¬ 
fore conclude that scheme (3) is correct. 

According to scheme (3) it should be possible to observe the emission of 
a-particles of low energy exhibiting the same resonance characteristics as 
the y-radiation. a-Particles of range 0-8 cm. showing these resonance 
characteristics have been observed by Maclean, Becker, Fowler and 
Lauritsen ( 1939 ) and Burcham and Smith ( 1939 ) for the lowest resonance, 
occurring at a proton energy of 0*33 x 10 ® eV. A similar emission of a- 
particles with resonance characteristics would be expected for the other 
resonance levels, but the observation of such paiticles corresponding to 
higher proton energies is made difficult by the fact that for proton energies 
above 0*4 x 10 ® eV the range of the scattered protons is greater than that of 
the short range a-particles. In order to investigate the emission of a- 
particles at the higher resonance levels, we have separated the a-partioles 
from the scattered protons by a magnetic resolution method. The results of 
these experiments, which are described below^ give very strong confirmation 
to mechanism (3). 

We have also attempted to obtain further information about the mechan¬ 
ism which is responsible for the extreme sharpness of the observed resonance 
levels of ®®Ne by studying the widths of these levels carefully and by in¬ 
vestigating the excitation function for the emission of long range a-partioles 
in the reaction 

i®F-hiH^i®0 + ®He, (3) 

in which ^®0 is formed directly in its ground state. The results of these 
experiments are described below and their bearing on the factors governing 
level widths is discussed in detail. 
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2. The shoet-eakge a-PAHxiotES 

The experimental arrangement used for the investigation of the short 
range a-particles is shown in figure 1. 

A target of barium fluoride was used of a thickness corresponding to a 
proton energy loss of about 0-04 MeV, which was suflicient to give a reason¬ 
able number of counts with a proton beam of about 50/lA. The magnetic 
analyser was evacuated by direct connexion through a flexible rubber tube 
to the main accelerating tube. The deflected a-particles emerged horizontally 
from the magnetic field through a thin cellophane window of 2 mm. stopping 
power. The particles were recorded by means of an ionization chamber 
3 mm. deep, connected to a linear amplifier and scale of two counter. 



ionisation 

chamber 


FtOUBB 1 

The mean radius of curvature of alpha particles passing from the target to 
the ionization chamber was 30 cm. and the maximum magnetic field arail- 
able with the arrangement was about 80000. It was not possible with this 
magnetic field to use semicircular focussing, but with an angle of deflexion 
of 50° the number of a-particles reaching the detecting system was sufficient 
and the separation of the short range a-particles from the scattered protons 
of energies up to 1 MeV was easily achieved. 

The full curve in figure 2 shows the variation of the number of short range 
a-partioles counted at a fixed setting of the analysing field and of the ioniza¬ 
tion chamber for proton bombarding energies from 0-3 to 0'96 x 10 * eV. The 
dotted curve in figure 2 shows the y-ray resonances as observed by Curran 
tt til. The similarity between the two ciirves is striking, and there can be no 
doubt that a-particle emission shows marked resonances which closely 
correspond to the known y-ray resonances. The a-partiole resonances are 
somewhat broad owing to the necessity of using a rather thick target to 

36-2 
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obtain sufl&cient yields and also owing to the considerable energy spread in 
the proton beam. The range of the a-particles emerging from the analyser 
was measured roughly by drawing the ionization chamber back at each of 
the chief resonance energies (0-33, 0-66 and 0*87 x 10*eV). The ranges were 
found to be 0*82, 0-92 and 1*02 ± 0*04 cm., corresponding to energies of 
1*63, 1*74 and 1*93 x 10«eV. Such changes in a-particle energy would have 



produced a quite negligible variation in the number of particles emerging 
from the analyser at a fixed magnetic field, and would be quite inadequate to 
account for the observed resonance phenomena. This was also verified by 
observing the change in the number of a-particles counted at a fixed 
bombarding voltage, when the analysing field was varied; it was found that 
the variation in number was negligible for changes in the field of 16 %, 
corresponding to changes in a-particle energy of 30 %. The increase of 
a-particle energy at successive resonances by about four-fifths of the increase 
of the proton bombarding energy is exactly what would be expected accord¬ 
ing to scheme (3) above. This result proves conclusively that the y-rays 
observed from the bombardment of fluorine by protons are emitted from a 
single excited state of “0 which is left after the compound nucleus “Ne* has 
emitted an a-particle of low energy. 




Resonance phenomena in the disintegraiion of fluorine 669 

3. Widths of levels 

If the main contributions to the total widths of the resonance levels 
of *®Ne are due to proton scattering and the emission of short range 
a-particles, the widths of these levels excited by proton bombardment should 
increase uniformly with increasing proton energy. Since, also, according to 
the results of Bernet et aL ( 1938 ) the widths of levels of ®®Ne are only of the 
order 15kV for proton energies of about 1*4 x 10 ® eV, the widths of the *®Ne 
levels for proton energies less than 0-8 x 10 ® eV might be expected to be very 
narrow indeed, i.e. less than 1000 V. This width is much smaller than the 
“experimental width” in the experiments of Bernet et al. These experi¬ 
menters find, however, small differences in the widths of the resonances for 



proton energies less than 0-8 x 10 ®eV, Since one might expect all these 
resonances to be very much narrower than the “ experimental width ” it is of 
importance to examine the above mentioned variations in level width 
carefully. Accurate experiments have therefore been made to measure the 
widths of the levels at 0*67, 0*59 and 0*33 x 10 ® eV. The apparatus used in 
these experiments is shown in figure 3, 

The parallel beam of protons from the accelerating tube, having an energy 
spread of about 40kV, enters a magnetic resolving field vertically at A, 
After being bent round through 90® the protons emerge horizontally from 
the magnetic field, all the protons of a particular energy being focused, to the 
first order, at the same height, P, P\ etc. A narrow horizontal slit, placed in 
the path of the horizontally emerging proton beam, selects a particular energy 
component of the beam. The degree of energy homogeneity in the proton 
beeun passing through the slit is governed only by the narrowness of the slit. 
In the actual experiments an adjustable water-cooled slit was used consisting 
of two equal cylindrical tubes, with their axes accurately parallel, which 
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oould be rotated about an axis mid-way between and parallel to the two 
cylinders. The slit width used in the experiments was about 0*6 mm., corre¬ 
sponding to an energy spread of only 0*6 %, i.e. about 4kV at 0*7 x 10* eV 
mean energy. Relative measurements of proton energies were made by 
measuring the relative strengths of the magnetic fields used to deflect the 
protons. Small changes in the magnet current were taken as proportional to 
small changes of proton energy, and over the small range of energy covered 
by each resonance level the error introduced by this assumption was 



negligible. An absolute calibration of the magnet current reading in terms of 
the Voltage scale was made in subsidiary experiments. The y-rays were 
detected by a pair of Geiger counters as in the experiments of Curran et ol. 

(1938). 

The results of measurements for two resonances with this arrangement 
are shown in figure 4. The y-ray intensities are expressed in arbitrary umts 
and the absolute values of proton energy are liable to an error of about 7 kV. 
The wdth of the resonance at 0*33 x 10« eV is only about 6 kV. The “ tail ” at 
the high-energy side is due to some slight non-uniformity of target thickness. 
The resonance at a proton energy of 0*67x 10«eV shows a half-width of 
practically the same value as that at 0-33 x l0«eV, and we believe that in 
both cases the width is determined by experimental resolving power. The 



Resonance phenomena in the disintegration of fluorine 661 

**experimental” widths given by Bemet ei cd. for these levels are 9*8 and 
15'7 kV and our results suggest that these variations of width are not due to 
variations in the real level width, but that the latter are in fact considerably 
smaller than the ‘'experimental” width. 

The half width of the resonance at 0-50 x 10® eV proton energy is, however, 
about 35kV, which is considerably larger than the “experimental” width. 
The resonance shows no sign of being composed of a closely spaced doublet 
and it is improbable that more than two levels exist with such small spacing. 
It therefore appears probable that the factors contributing to the width of 
this level are different from those effective at other resonances, and it was 
thought that some singularity might be observed in the emission of long 
range a-partioles from the excited *°Ne nucleus in accordance with reaction 
(3) in the energy region occupied by the broad resonance level. A study of 
the excitation function of this group of a-particles was therefore made. 


4, Excitation function for the long-range a-PARTiCLBS 

In order to study the excitation function of the 5*9 cm. a-particles emitted 
in the reaction 

i9F + iH->«0-f®He, (4) 

in detail, it was necessary again to use the resolving slit in order to improve 
the homogeneity of the ion beam, and the experimental arrangement was 
exactly that used in the y-ray experiments (see figure 4). The target was a 
thin deposit of barium fluoride corresponding in thickness to a proton energy 
loss of about 10 KeV. The proton beam was limited by stops so as to bombard 
a fixed spot of the target about 3 mm. diameter. The proton current to the 
target did not change by more than about 2 % during bombardment at a 
particular voltage and magnetic field. The effective stopping power of air 
and mica between the target and the ionization chamber used for detection 
of the a-particles was about 1*5 cm. less than their mean range. The out off 
bias on the counter was set so that all a-particles passing through the 
ionization chamber were recorded. The difference in counting rate with and 
without a y-ray source of several millicuries near the ionization chamber was 
measured and found to be negligible and it is therefore certain that the 
presence of intense y-radiation at the resonance energies had no effect on 
the counting of the a-partioles. The excitation function of the long range 
a-particles for proton energies of 0*55 to 1*0 x 10® eV is shown in figure 5, 
This excitation function exhibits the familiar rise in the cross-section 
for the process with increasing proton energy. It appears, however, that 
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superposed upon this background are two maxima, apparently of a 
resonance nature. The most marked of these maxima is at a proton enei^y 
of 0-83 X 10® eV and the less distinct one at about 0-72 x 10® eV. 

In order to ascertain definitely whether or not the maxima in the excita¬ 
tion function for the long range a-particle occur at the same proton energies 
as resonances for y-ray emission, excitation functions for both long range 
a-particles and y-ray emissions were observed simultaneously. The y-rays 
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were detected by means of a pair of Geiger counters, as in previous experi¬ 
ments. The results of these experiments are also shown in figure 6, and it 
appears quite clear that the anomalies in the excitation function for the long 
range a-partioles do not occur at the same energies as the resonances for 
y-ray emission. The investigation of the excitation function using thin targets 
and a highly homogeneous proton beam is made difficult for proton energies 
less than 0*55 x 10® eV by the small yield of the reaction. 

An estimate has been made of the relative number of long range (5*9 cm.) 
and short range (1-0 cm.) a-particles emitted at a proton energy of about 
0*87 MeV, With a target of “thickness*’ about lOkeV the number of short 
range a-particles was about 100 times that of long range a-partioles. 
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5, Discussion 

The experimentally observed facts concerning the disintegration of 
fluorine by protons may be summarized as follows: 

(i) There is an emission of 6*2 x 10® eV y-rays with resonant character¬ 
istics and an emission of short range a-particles with the same excitation 
function. 

(ii) Most of the observed resonance levels for y-ray emission are sharp 
(less than 6kV half width) but that at 0-59 x 10® eV has a width of 35 kV. 

(iii) The excitation function of the long range a-particles exhibits 
resonant features which do not apj)ear to be associated with the y-ray 
resonances. 

In order to explain these facts it is first necessary to find some mechanism 
which is responsible for the extreme sharpness of most of the observed y-ray 
resonances, i.e. for the comparatively long lifetime of the levels of the excited 
^®Ne nucleus formed by the capture of a proton by the nucleus. The 
widths of the energy levels of the excited *®Ne are determined by the various 
possible ways in which this nucleus can lose its energy of excitation. The 
possibilities are: 

(i) Resonance scattering of the protons. 

(ii) Emission of a short range a-particle and formation of *®0 in an excited 
state. 

(iii) Emission of a long range a-particle and formation of ^®0 in the ground 
state. 

(iv) Direct transition to the ground state of ®®Ne by the emission of a 
y-ray. This does not occur with any measurable intensity. 

The contributions to the level widths due to (i) and (ii) are small owing 
to the low penetrability of the Coulomb barrier of ®®Ne* for protons and 
a-particles of the energies considered, and the contribution due to the possi¬ 
bility of y-ray emission to the ground state is negligible owing to the long 
lifetime of y-ray processes. Process (iii) however is accompanied by the 
release of about 8 x 10® eV energy and this would normally give rise to a level 
width of the order of 1 x 10® eV. In order to explain the observed sharpness 
of the levels of ®®Ne responsible for the short range a-particle resonances it is 
necessary to assume that the emission of an a-particle with full energy is 
either completely forbidden by a rigid selection rule or is made improbable 
by the operation of some other selection rule which reduces the probability 
of its emission by a factor of the order of 1000 at least. The long range 
a-particles would be expected to arise from another set of levels of *®Ne of 
width about 1 x 10® eV which would overlap to such an extent as to render 
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the excitation function for the long range a-particles a gradually rising curve 
of the usual type. 

This piotuie does not account for the broadness of the level at 0*59 x 10 * eV. 
This might be due to the fact that the emission of an a-partiole of full energy 
leaving an ^*0 nucleus in the ground state is not totally forbidden in this 
case, but is only made less probable by the operation of some less rigid 
selection rule. If selection rules of this type exist, then it is not possible to 
assume that the width of each level of **Ne which can dissociate into a long 
range a-particle and an unexcited ^*0 nucleus is of the order of 1 x 10 * eV, 
Levels of ®*Ne with much smaller half widths might exist and the existence 
of such levels would give rise to resonant features in the excitation function 
of the long range a-particJes, Some such mechanism is probably responsible 
for the resonances observed in this excitation function although there is no 
evidence that such a resonance occurs at 0*59 x 10 * eV. 


6. Selectiok rules and intensities 

Some information as to the nature of the selection rules governing the 
break up of **Ne* can be obtained from a consideration of the momenta 
changes in the processes. It has been pointed out by Bethe ( 1937 ) and by 
Breit (see discussion in Bemet et ah 1938 ) that since the wave functions of 
both ^*0 and *He have even parity (i.e. do not change in sign when the internal 
co-ordinates of the constituent particles are reversed), and also since both 
nuclei have zero spin in the ground state, the parity of any compound system 
formed by the two particles is even or odd according as the orbital angular 
momentum is even or odd. If then the nucleus *®Ne is formed in an excited 
state with even spin and odd parity or with odd spin and even parity, such a 
compound nucleus will be unable to split up into an a-partiole and an ^*0 
nucleus in the ground state. This rigid selection rule provides a simple 
explanation of the sharp resonances observed in the emission of the short 
range a-partioles and the subsequent y-rays. 

The large yield of y-raysf from the reaction suggests that for the reson¬ 
ances at the lower proton energies the compound **Ne* nuclei are produced 
by the component of the proton beam with zero orbital momentum. Assum¬ 
ing this to be the case the following two schemes (table 1 ) can be obtained for 
the parity and spin of according as one assumes the parity of to 
be even (a) or odd ( 6 ). 

t Th© y-ray intensity at 860 kV is of the order of 10 milliouries for 100/fA proton 
current. 
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It can be seen that on either assumption as to the psmty of ‘‘F, two types 
of compound “Ne* nucleus can be formed, first the typeo (1) and b (2) which 
can disintegrate into normal **0 and an a-particle, and secondly the type 
a ( 2 ) and 6(1) for which this transition is forbidden, since the parity and spin 
are of opposite sign. Each of these types of “Ne* might however disintegrate 
into an excited ^®0 nucleus and an a-particle and table 2 shows the possible 

Table 2 
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1, 3... 

1 «He 
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0, 2... 


schemes for the changes of spin and parity in this case, assuming the parity 
of the excited ^*0 to be odd. It is clear from this table that the states of 
*®Ne* which can emit a long range a-particle (a (1) and 6 (2)) lead to an 
excited nucleus with odd spin, whereas the states which can only emit a 
short range a-particle (o (2) and 6 (1)) lead to an excited “O with even spin. 
Thus the two types of “Ne* cannot both emit a short range a-particle and 
also leave the same excited ^*0. It follows that when the emission of long 
range a-partioles is allowed, the emission of short range a-particles can 
only occur if it involves a level of ^* 0 * different from the 6 x 10* eV level 
involved when the long range a-particle emission is completely forbidden. 
A similar conclusion follows if it is assumed that the excited nucleus 
has even parity. It is thus impossible to account for the broad resonance at 
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0*59 X 10® eV proton energy in terms of competition by a partially forbidden 
long range a-particle unless it is assumed that more than one excited level of 
^®0 is involved. This applies also to the weak resonances in the region 1*0 
to 1*5 X 10® eV proton energy found by Bernet, Herb and Parkinson. 

It is not possible to obtain any precise information about the spin or 
parity of the excited level of ^®0 involved in the process from the fact that a 
y-ray transition occurs between this level and the ground state. For levels 
of ^®0 with excitation energy of about 6 x 10® eV, no process other than y- 
radiation is energetically possible. Therefore, even if the y-ray transition is 
one involving no change in parity and a spin change of unity (a transition for 
which electrical dipole and quadripole radiation are forbidden) magnetic 
dipole radiation would still occur in the absence of any competing process* 
The transition between two levels of zero spit) is completely forbidden, except 
by total internal conversion, and this selection rule implies that the spin of 
the excited state of ^®0 at 6 x 10® eV is dilferent from zero. 

The number of disintegrations occurring in a target of thickness d 
(expressed as the energy loss of the proton beam in passing through it) 
bombarded with N protons is where is a factor involving the 

number of nuclei in the target and is the cross-section for the process at a 
proton energy E, It is assumed that in this case the cross-section is roughly 
constant in the energy range E ± A. In the case of a resonance disintegration 
for which the width of the resonance is small compared with A the yield 
from the reaction when the proton energy E is equal to the resonance energy 
Ef, is approximately where is the cross section for the process 

when E = E^,. The values of in the case of emission of long and short 

range a-partioles in the bombardment of ^®F by protons are given by the 
Breit-Wigner dispersion formula as follows: 

tr^-A«(r,,r,/r5)(rjd), (5) 

( 6 ) 

where /'jy is the width of the level of ^®Ne for proton emission, that for 
long range a-particle emission, A is the quantum wave-length of the incident 
protons, and d is the distance between the levels which can emit long range 
a-partioles. It is assumed that Fj^c^F^ and the factor FJd in (6) allows for 
the overlapping of the broad levels which can emit long range a-particles* 
By substituting these expressions in the formulae for the number of distin- 
tegrations we obtain for the ratio of the intensities of short range a-particles 
to long range particles the value d/A. If it is assumed that d is the same as 
for the levels which can emit short range a-particles (about 0* 1 x 10® eV) we 
obtain for this ratio the value of 10. The experimental value is about 100 
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and the most plausible explanation of this discrepancy is that the value of 
Fp is different in ( 6 ) and ( 6 ). Such a difference would be present if the 
angular momentum of the incident proton were different in the two cases; it 
should be possible to obtain information on this point by an investigation of 
the anomalous scattering of protons in fluorine. 

If it is assumed that the resonances in the excitation function for the long 
range a-particles are in fact due to states of ^Ne for which the emission of a 
long range a-particle is only partially forbidden, then it is possible to calcu¬ 
late a theoretical value for the ratio of the number of resonant to the 
number of non-resonant long range particles. This ratio is again djA if it is 
assumed that the width for long range a-particle emission at resonance 
is large compared with Fp', or FJFp djA if one assumes that The 

value of d/A is about 10 whereas the experimental ratio is about J. This 
suggests either that F^^ is in fact much smaller than / ^ (i.e. the partial selec¬ 
tion rule must make long range a-partiole emission improbable by a factor of 
about 10 , 000 ) or alternatively that Fp is smaller for the levels of ^®Ne which 
show resonance for long range a-particle emission than for those showing no 
resonances. If this latter alternative is the correct one it would imply an 
orbital momentum of the proton in this case larger than 1 and in such cir¬ 
cumstances the resonance in the long range a-particle emission might bo 
attributed to the a-particle leaving the nucleus with a large orbital 
momentum. In any case it seems safe to conclude that protons with angular 
momentum different from zero must be responsible for at least one mode of 
disintegration of *®Ne* into and an a-particle. The correctness of this 
conclusion could be tested by studying the angular distribution of the dis¬ 
integration products. A partial selection rule of the type necessary to give 
resonant long range a-particle emission has already been proposed on the 
basis of separate conservation of orbital and spin momenta. Recent measure¬ 
ments of the quadripole moment of the deuteron, however (Kellog, Rabi, 
Ramsey and Zacharias 1939 ) indicate that in nuclear systems the inter¬ 
action of spin and orbital momenta is very large, and it does not seem likely 
that the probability of emission of a long range a-particle can be reduced by 
a factor of 100 or more by the operation of such a weak selection rule. 

The only other example of resonance in the emission of long range a- 
particles under proton bombardment is in the case of boron, where the 
excitation function shows a sharp resonance at a proton energy of about 
0-17 X 10*eV (Williams, Weils, Tate and Hill 1937 ; Bowersox 1939 ). In this 
case, however, a resonance in the emission of y-rays seems to occur at pre¬ 
cisely the same energy as the a-particle resonance, and, further, the short 
range a-particles emitted in the transmutation show no resonant features. 
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It seems then that the same mechanism is not responsible for the resonance 
effects in the two cases. Investigations of the excitation functions of other 
transmutations are being carried out, but it is not necessarily to be expected 
that resonant phenomena for high energy particles are in any way general. 

This work was carried out in the Cavendish High Voltage laboratory. 
We wish to thank Mr P. 1. Dee for his interest in the work, and Messrs 
Heitler, Kahn and Peierls for their comments on the theoretical aspects of 
the problem. 


Summary 

An investigation has been made of the short range a-particles emitted 
from fluorine under proton bombardment. The a-particles were separated 
from the scattered protons by magnetic deflexion. The results confirm the 
view that the resonant y-radiation is emitted from an excited level of ^*0 
formed after emission of a low energy a-particle. A description is given of 
some measurements of the widths of the resonances for y-radiation, using 
magnetically resolved beams of protons of high homogeneity. The residts 
indicate that the resonances are very narrow in two cases examined, and 
considerably broader in the third. The excitation function for the emission 
of 6*9 ora. a-particles in the reaction + ^He has been examined 

carefully. The excitation function shows resonant features superposed upon 
a background which increases with increasing proton energy. A discussion of 
some possible explanations of the resonant phenomena observed is given. 
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The excitation of inner electrons in zinc, cadmium 
and mercury by electron impact 

By A. H. Lbb, Ph.D. 

Physical Laboratories, University of Leeds 

{Communicated by R. Whiddington, F.R. 8 .—Received 30 Avjgust 1939) 

iNTBODtrOTION 

Certain characteristic features, which could not be conclusively inter¬ 
preted, were found in the energy losses of electrons in the vapours of zinc 
and cadmium by Thorley, in some unpublished work in these laboratories. 
Zinc, cadmium and mercury form a well-defined triad of metals, occupying 
analogous positions in Group II of the Periodic Table, and having similar 
electron configurations. They may therefore be expected to behave similarly 
in our experiments, and for this reason it was considered desirable to extend 
the work to mercury vapour. The magnetic spectra of all three elements 
could then be compared, and additional information might be gained from 
that of mercury which would lead to a satisfactory explanation of the 
losses. 

The experiments were carried out with an improved pattern of magnetic 
spectrograph of the type described by Whiddington and Roberts (1931). 
In this method, a beam of electrons from an electron gun is incident on the 
vapour to be investigated in a field-free collision space. The vapour passes 
through this collision chamber contmuously at a low pressure. Some elec¬ 
trons collide with the vapour atoms, and the now-heterogeneous beam 
emerges through a slit system into a continuously evacuated camera, where 
a magnetic field, pei^endicular to the beam direction, bends the electrons 
into semicircular paths whose radii depend on the electron energy. The 
different beams impinge on a specially treated photographic film, and the 
magnetic spectrum thus obtained is calibrated by reference to lines of known 
energy (see figure 1). 

For the work on zinc and cadmium an oven arrangement was necessary to 
supply the vapour. Such an oven was designed and constructed specially for 
use with the apparatus by Bobinson (1935); it was made from pyiex and 
heated electrically. Vapour was discharged from the oven mouth into the 
collision space and was subsequently condensed, during the taking of a 
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photograph. This device, however, was unnecessary in the mercury investi¬ 
gations since it was found that a small brass tube containing a globule of 
mercury let into the side of the collision chamber and warmed by the gun 
filament was sufficient to maintain a working pressure. 


Results 

(1) Energy hsaes arid their assignment 

Analogous energy losses less than the ionization potential have been 
observed in all three elements, and have been assigned to transitions from 
the ground state to excited states in the normal term sequences, in each case. 
We are here concerned, however, with certain losses greater than the ioniza¬ 
tion potentials which cannot be explained in this way. They are set out in 
table 1. All values are in electron volts. The measurements in zinc and 
cadmium were made by Thorley; those in mercury by the author. 

Table 1 
U1 bra-ionization 

Element potentials 

Zinc 11'60±004 

Cadmium 12*80 ± 0*04 

Mercury 10*98 ± 0*02 

13*06 ±0*02 


Ionization 

potential 

9*30 

8*96 

10*39 


The bombarding voltages were 200 in zinc and cadmium, and 190 in 
mercury. 



F\ill loss 13'06 


velocity ^ ^ 

lino ultra-ionization 
potentials 

Figube 1. The magnetic spectrum of mercury. 

The 10'98 V loss in mercury is analogous to those in zinc and ceKliuium, 
for in each case the loss was abnormally intense, being second only in in¬ 
tensity to the principal loss (liSo-2iPi); and was the first loss greater than 
the ionization potential. For these reasons we might expect the same kind of 
interpretation to hold for all three lines, and they will therefore be considered 
together. It is first necessary to enquire what are the causes of ultra-ioniza¬ 
tion potentials (ir.i.F.s). 
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The presence of a in a magnetic spectrum indicates that some 

electrons have lost more energy than is necessary to ionize the atom once. 
This may happen in at least four ways: 

(а) An electron may ionize the atom, and in addition pass on a discrete 
amount of energy to the ejected electron. 

( б ) An electron may ionize the atom and excite the resulting ion to a 
higher state. 

(c) An electron may colJide successively with two or more atoms; its 
total loss of energy would then be greater or less than the ionization potential 
of the atom, depending on the individual losses. (“Multiple Collision'’.) 

(d) Two or more electrons in the same atom may be excited by a single 
bombarding electron. Again the total energy loss of the incident electron 
may or may not be greater than the ionization potential. (“Multiple 
Excitation”.) 

Not all of these processes apply in our experiments: for instance, no line 
has yet been found in any magnetic sjjectrum corresponding to the ioniza¬ 
tion potential of an atom. Ionization being the initial process in cases (a) and 
( 6 ), it is unlikely that the compound x)roces 8 es rejiresented by (a) and {h) will 
give rise to lines on the film. We are therefore left with (c) and (d). 

Double collision was observed some time ago by Whiddington and Jones 
( 1928 ) in molecular hydrogen, giving a loss line some 10 V greater than the 
ionization |)otontial. Triple collision, 3 x (1 hSo- 2 ^Pj), was considered by 
Whiddington and Swift ( 1937 ) to be a possible contributory factor to one of 
the high energy u.i.p.s observed in helium. The u.i.P.s under review may 
possibly be ex^ilained in this way as follows. 

In zinc a loss occurred at 5*80 V, corresponding to excitation of the lowest 
level (spectroscopic value 5*77 V); the double collision would give a line 
at 11 *54 V, very near to the tr.i.p. observed at 11 *50 V. The u .i.P. was much 
too intense to be attributed to this cause alone, however, for it was almost as 
strong as the 5*80 V line, and much stronger than that due to the second 
member of the ^P^^ sequence. 

The losses below the ionization i)otential in cadmium were 5*43 and 
7*42 V. The sum of these is 12*85, suggesting that the ir.i.P. may be due in 
part to an additive collision involving the two lower losses. This type of 
collision has not been observed previously. As in the case of zinc, the high 
intensity of the u.i.p. again discredits this suggestion. 

The two smallest losses observed in mercury are 4*92 and 6*65 V. No 
addition of these, or multiplication of either, wiU give the u.i.p. observed at 
10*98 V. It is to be observed in passing, that multiple collision is unlikely 
under the conditions of the experiments. The pressure of vapour is chosen so 
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that the mean free path is approximately equal to the length of the collision 
chamber for electrons at the bombarding voltage used* We must therefore 
try to explain the u.i.p.s by multiple excitation. 

The double excitation in helium was discovered 

(Whiddington and Priestley 1934 ) by an electron impact method; the 
doubly-excited state is some 35 V above the first ionization limit. Doubly- 
excited configurations are known from the optical spectra of many 
elements, the states due to them lying sometimes above and sometimes 
below the first ionization limit. In electron impact experiments, any 
U.i.P.s resulting from double excitation would correspond only to states 
of the former type. 

In zinc, cadmium and mercury, configurations occur in which both 
valence electrons are in p levels, giving the abnormal terms 4^® ^P^ ^ (j), 
iDi(Zn); 5p^«P;i.(a)(Cd); and The J - 2 level is in each 

case unknown, or possibly coincident with the neighbouring J = 1 level. 
The “PP' multiplets*’ observed in the emission spectra of these atoms 
arise from the transitions: 

respectively. The P^ state is above the ionization limit in each case. No line 
has been found in the spectrum of any of these three atoms representing a 
single transition between a doubly-excited (p^) state and the corresponding 
ground state: any such transition would violate the Laporte rule. 

Since these doubly-excited states are the only ones known in zinc, 
cadmium and mercury, it might be supposed that they should account for 
our u.i.p.s, for a multiple excitation process appears to be the only one left. 
This is not the case, however. In the first place, their values in volts above 
the ground states cannot be reconciled with the tt.i.p. values: in zinc, the 
highest P' level (^P^), is at 9-92 (though the 4^2 state is higher at 9-97), 
while the u.i.p. is at 11-50 V; in cadmium, the is at 9 - 22 , 3‘54 V less than 
the tJ.i.P.; the lowest P' level in mercury, ^P', is at 1 P 35 V, compared with 
the tr.i.p. at 10*98 V, Secondly, transitions from the ground stat^ to any of 
the P levels would hardly be expected to occur in electron impact experi¬ 
ments, for experience shows that optically disallowed transitions give rise 
to very weak loss lines, or are absent altogether. 

The double-electron transition in helium has been mentioned. Since the 
elements under review are two-electron systems like helium, analogous 
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processes might be proposed to explain the Corresponding to the 

line in helium we shoul 4 have 

4^2 ^Sq— 5p in Zn, 
in Cd, 

and ^Sq — Ip ^P^ in Hg. 

There is no spectroscopic evidence for such transitions, but this argument is 
not so conclusive as at first sight appears, for the equivalent transition in the 
helium spectrum (Bundy 1937 ) has defied observation, because the upper 
level is subject to auto-ionization. The original interpretation was confirmed 
by quantum-mechanical calculations, such as have not been carried out for 
the heavier atoms. 

Also, anomalous terms arising from double excitation are not very nu¬ 
merous for atoms of small atomic number, but many more occur in atoms of 
large atomic number, for the energy required to excite two electrons to a 
higher state is rarely much greater than the first ionization potential, and 
there is a large number of low-lying terms in the corresponding ion. These 
considerations would account for the fact that while the ( 2 ^ 2 p) line in the 
helium magnetic spectrum is faint, and some 36 V greater than the ionization 
potential (ca. 26 V), the present lines are intense, and only a few volts above 
the respective ionization potentials. It is therefore impossible, in view of the 
above evidence, to reach any definite conclusions about na^ — (n H- 1 ) 8{n -f 1 ) p 
transitions in zinc, cadmium and mercury. 

There remains one process which might explain our xj.i.p.s, and which has 
not previously been recognized in electron collision experiments: it is ex¬ 
citation of an inner electron. There is spectroscopic and other evidence to 
show that this accounts for the losses fairly conclusively. 

“Innerexcitation (i.e. excitation of an electron beneath the outermost, 
or valence, shell of an atom) was observed by Beutler ( 1933 ) while studying 
line absorption spectra of vapours of Group II and other metals, in the ultra¬ 
violet region 1200 to 600 A. He and collaborators published a series of nine 
papers giving the results obtained with zinc, cadmium and mercury; potas¬ 
sium, rubidium and caesium; and thallium. The spectra are attributed to the 
removal of an electron from the first closed shell immediately below the 
valence shell, the valence electron meanwhile remaining in its normal orbit. 
In each of zinc, cadmium and mercury, five Rydberg series were found. In 
mercury, for example, the series were 

6di»6s* % - U^^^p iPi, *Pi, 


37-2 
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The terms converge to either *D| or 5d®6«® ®D|, “inner **-excited levels 
of Hg II. The series atxd limits in zinc and cadmium were exactly similar. 
The spectra correspond to excitation of the levels Mju (in Zn), Nm (in Cd), 
and Ojij (in Hg), in X-ray nomenclature, and provide a connecting link 
between optical and X-ray spectra. They are designated I^, corresponding to 
the ordinary “ 1 “ notation for the normal spectra of unionized atoms. 
(Excitation of deeper shells would result in P, P,..., etc., spectra.) 

Many of the terms in each element lie above the respective first ionization 
limits. Now the most intense line in the mercury P spectrum corresponds to 
the transition 

kSo - »Pi, 

which has a value of 10-95 V; i.e. the upper state is 10*95 V above the ground 
state. 

Again, the analogous transition in zinc is one of the two strongest lines in 
the Zn I^ spectrum: 

U^H$^ iSo UHsHp aPj, (11*68 V), 

while in Cd, 4d^%s^ ^Sq — (12*76 V) 

is one of the two most intense lines. The upper levels quoted are each the 
first members of their respective sequences. 

The second most intense line in the Hg I* spectrum is 

iSq - ip^, (13-06 V). 

6d®6«*7p 'Pi is the second member of the anomalous mp 'P^ sequence, the 
first being below the first ionization limit of Hg I. The value of the above 
transition coincides with that of the second in mercury. It is suggested 

that the transitions quoted correspond to the u.i.p.s observed in zinc, 
cadmium and mercury, as shown in table 2 . 


Table 2 


Element 

Ultra-violet absorption lino 

Value in 
volts 

Observed 

Zinc 

8d!“ 4«« ‘S„ - M>4»Hp >Pi 

11-68 

11-50 

Cadmium 

W*" 6«> ‘So-4d*6«‘6p >Pi 

12-76 

12*80 

Mercury 


10-95 

10-98 


M‘''6«*»So-5d«6»»7p»P, 

13-06 

13-06 


The values for zinc differ by 0 * 18 V, which is rather more than the experi¬ 
mental uncertainty. The experimental value in cadmium is 0*04 V in excess, 
but the lower losses in cadmium exceeded the spectroscopic values by the 
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same amount, indicating perhaps a small systematic error. The spectro¬ 
scopic absorption line in mercury corresponding to 10*96 V was very broad 
(ca. 5 A in width), and shaded towards the violet. The value 10'95 may thei«- 
fore be too low. 5 A at 1000 A (roughly the position of the line), is equivalent 
to 0*06 V, so that if the centre of the line were chosen only a little further in 
the violet there would be even closer agreement between the two values. 
All the lines are broadened by auto-ionization, the upper levels being just 
above the ionization limits. 

There are significant factors in support of this interpretation. 

(1) Since very slow electrons affect the valence shell of the atom, and very 
fast electrons penetrate to the innermost shells in the production of X-rays, 
we might expect any electron having moderate energy to excite an electron 
in an intermediate shell. 

(2) Single excitation processes are found more frequently than multiple 
processes in our experiments. The large intensity of the present losses would 
seem therefore to suggest the former. While those proposed are single 
excitations, however, they are not of the normal kind. Inner-excited states 
are in fact no more numerous than doubly-excited states in the heavier 
elements. 

(3) The lines observed by Beutler all represent transitions directly from 
the ground states to inner-excited levels. Therefore some of these levels 
might be expected to appear in electron collision experiments. 

The hypothetical ns^ — (w + 1) ^(w + 1) p transitions discussed 
earlier may now be ruled out, for it is unlikely that they would be so close as 
to be indistinguishable from the inner-excited levels in all three atoms. 

Of the three metals considered, tj.i.p.s have been previously reported in 
mercury. Foard (1930) observed the energy losses of electrons in mercury 
vapour, using incident energies of definite values up to 60 V. He found a 
u j.r. at 11 ‘07 V, which was abnormally intense compared with the main loss. 
This might be identified with our loss at 10-98, though the value quoted by 
Foard was not determined by a reference-line system, and is 0*12 V greater 
than the Beutler transition. Foard attributed the loss to double excitation, 
but put forward no evidence to support this suggestion. Smith (1931), in 
experiments on the efficiency of ionization by electron impact in mercury 
vapour, observed that when the incident electron voltage reached 11-06 V, a 
large increase in ionization occurred. Nielsen and Potter (1931) found a 
similar effect at 11 -OOV. Shenstone (1931) considers such potentials in 
ionization experiments to be due to a compound process: excitation of the 
atom to a negative level, followed immediately by auto-ionization of the 
atom. In order that this process may occur, the negative level in question 



576 A. H. Lee 

must be subject to auto-ionization; this is the ease when ttie L, 8 and J 
values and the iTZ-parity of the level are the same as those of one of the normal 
tenn-sequenoes of the atom. Auto-ionization is a property of the level to 
which we have assigned the first u.i.r. in mercury, and was observed as a 
broadening of the spectral line by Beutler. We should therefore expect this 
tJ.i.p. to be observed in ionization experiments if Shenstone’s process 
actually occurs. 

It is impossible to say whether the analogous u.i.p .8 in zinc and cadmium 
would be observed in ionization-efficiency experiments, in the absence of 
experimental data of this tyjie for these elements. 

In mercury vapour, again, Loyarte ( 1930 ) found a potential at 13-09 V, 
nwin g an electron impact method; Loyarte and de Bose ( 1933 ) later found 
one at 13-07, by a photoelectric method. Neither of these potentials was 
explained. 

The inner excitation process which appears in the above to account for 
tr.i.P.s in zinc, cadmium and mercury, indicates that as there is a continuous 
gradation from optical to X-ray spectra, so in electronic excitation there is 
no sharp distinction between optical and X-ray levels. 

( 2 ) The. excitation functim, for an inner electron 

It will be noted that the three analogous transitions shown in table 2 are 
from the ground states to triplet P states. According to the accepted form 
(Penney 1932 ) of excitation function for triplet states, we should expect only 
very weak excitation of them at the bombarding voltages (of the order of 
200 ) used in our experiments. But the high intensity which is a character¬ 
istic feature of the u.i.f.s appearing on the photographs, indicates strong 
excitation. This anomaly may result &om the fact that an unusual transition 
is involved. 

No excitation function has been determined previously for an innmr- 
excited state, or for a spectral line beginning or ending on such a state. To 
remedy this deficiency, and to clear up the above anomaly, an attempt has 
been made to determine roughly the excitation function of the innar excita¬ 
tion at 10-98 V in mercury. 

The apparatus was that used for the investigation of the energy losses in 
mercury vapour: relative probability measurements may be made with it by 
a method to be described. The magnetic spectrum photograph consists of a 
“full-velocity “ line, due to electrons which have made no impacts or only 
elastic ones, and various “loss” lines, caused by electrons of lower energy 
which have excited atoms to various states. The ratio of the (electron) 
intensities of the loss beam corresponding to the state whose excitation 
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function is required, and of the full-velocity beam, when plotted as a 
function of bombarding voltage, will give a measure of the variation of the 
probability of excitation, provided that the full-velocity beam intensity is 
independent of the bombarding voltage. This latter provision may be shown 
to be true for mercury over the voltage range used in our experiments. 

To find the above intensity ratio from a film, density-position contours of 
the lines are found from a Cambridge Microphotometer. It should then be 
necessary simply to find the areas under the peaks of the loss and fuU- 
velocity lines, and convert their ratio to an electron intensity ratio. Whidd- 
ington and Taylor ( 1934 ) have shown that it is suffioient to use the ratio, not 
of the integrated densities, but of the maximum densities of the two lines, 
Densities may be converted to intensities by a law first discovered by 
Whiddington and Taylor ( 1932 ), which holds for electrons on sensitized 
film. The law is similar in form to that for light: 

D = (1) 

with the usual notation, except that I represents electron intensity, p and i 
have numerical values different from those appearing in the equation for 
light. The law holds for electrons of not less than 60 V energy. This means 
that an accelerating field must be applied between collision chamber and 
camera at the lower voltages. This field does not, of course, affect the relative 
numbers of full-velocity and loss electrons, and its effect on scattering angle 
and scattering volume is negligible. 

The time of exposure for the photograph is chosen so that the density of 
the important loss line falls within the range over which the law is valid 
( 0 * 1 - 2*0 units). Unfortunately, when this is the case the density of the full 
velocity line is well outside the range, and the required ratio cannot be 
evaluated. This difficulty is overcome in the following way. Let Dj^ be the 
loss-Une density caused by a beam of intensity in time tj. Then 

D/,-ylog(4«f)-i. (2) 

A series of short-exposure reference lines, whose densities are comparable 
with and “straddle ” that of the loss line, is recorded on the film. From these 
“gamma” lines a (D, logO graph is drawn. This graph is used to obtain a 
time ooiresponding to a density Dx,, equal to that of the loss line. The beam 
producing the gamma lines is, of course, the foU-velooity beam: suppose its 
intensity to be Ip. We then have a new relation 

Di, log (3) 

<2) again is Dx, ” 7 log (4<f) “ <2) 
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Hence ( 4 ) 

and the ratio originally required is 

^ (^) 

This quantity is plotted as a function of bombarding voltage in figure 2. 
During the making of each exposure the beam current through the colli* 
flion space was kept constant; since each photograph was calibrated sep¬ 
arately it was unnecessary to ensure that the beam current w’as the same for 
all. 



FiatTBE 2 . Kxcitation function for the transition 
5(^10 in mercury. 


The pressure was observed by a Pirani gauge (calibrated by a McLeod 
gauge) situated as near to the collision space as possible. The pressure, once 
adjusted, was found to remain unchanged throughout an exposure, and was 
chosen to be the same for all photographs ( 0 * 004 mm.). 

In view of the calibration scheme adopted, it was unnecessary to develop 
all the photographs under exactly the same conditions, but this precaution 
was nevertheless adopted so as to ensure a uniform quality. 

Turning now to the curve obtained, we may draw certain definite con¬ 
clusions from it. While most of the scattering takes place at 0*^, a little does 
occur at small angles. The curve therefore approximates to that for undevi¬ 
ated electrons. Now intense backward scattering {ca, 170 *^) has been ob¬ 
served for elastically-scattered electrons, by Amot (193a, 1933) in mercury 
vapour, at voltages up to 50 , and by Mohr and Nicoll (1932) in neon at 80 V. 
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Angular distribution curves for elastically- and inelastioally-scattered 
electrons are of the same form at high bombarding voltages, but become 
more dissimilar with decreasing voltage. It is therefore unlikely that back¬ 
ward scattering occurs for an inelastic process such as the present inner 
excitation. If it does occur, however, the relative probability as found will be 
spuriously low at low voltages, compared with that at the higher voltages. 
Again, the strong excitation at a voltage immediately above the excitation 
potential, associated with exchange collisions, is absent. Excitation by 
electron exchange appears therefore to be unimportant. 

The large intensity at higher voltages seems to indicate that direct ex¬ 
citation is chiefly responsible. Penney ( 1932 ) found direct excitation 
appreciable for the state, as a result of a strong tendency to (jj)- 

coupling. Auto-ionization is an outstanding characteristic of the 
state, showing that the coupling for this abnormal state is similar to that in 
the normal ^P^ sequence. Therefore we might expect appreciable excitation 
of this state by direct transition of an atomic electron. 

In conclusion, the author wishes to thank Professor Whiddington for 
suggesting the [jroblem and for many helpful discussions during the course 
of the work. 


Summary 

Certain analogous ultra-ionization potentials have been observed in zinc, 
cadmium and mercury, while studying the energy losses of electrons in the 
vapours of these elements. In order to explain these u.i.p.s'’, all the pro¬ 
cesses which could give rise to them are examined in detail. It appears that 
none of the processes which were formerly found to be responsible for such 
effects is adequate in the present case. A new process—excitation of an 
inner electron—hitherto unrecognized in electron impact experiments, is 
shown to be the cause. The analogous u.i.p.s correspond to analogous transi¬ 
tions observed by Beutler in the ultra-violet absoqjtion spectra of the three 
elements, and attributed by him to excitation of a d electron in the closed 
shell immediately below the valence shell, resulting in a ’^P^ state, in each case. 
(The valence electrons remain in their normal states.) A further u.i.p. in 
mercury is explained in a similar way. 

The observed u.i.p.s are abnormally intense for ^So”®Pi excitations at 
the bombarding voltages used. This anomaly may be a consequence of the 
unusual process involved. Hence an approximate determination of the 
excitation function of the first “inner’* excitation in mercury has been 
made, and certain features noted. 
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The scattering of mesotrons in metal plates. By J. G. WiESOx. {Corn- 
munkaUd by P. if. S. BktckeU, F.RB.—Received 14 August 1939.) 

An extended series of accurate mtiasureinents of the scattering of mesotrons is 
desoribad. These are in general agreotnent with our earlier Tneasurements, and 
oonfinn within the accuracy of the experiment (about 4%) the theoretical value 
given by Williams ( 1939 ) for multiple Coulomb scattering. 

Theory shows that the scattering by a finite nucleus should be about 10 % tes 
than that by a point nucleus, The experimental results, which have an accuracy of 
about 4%, definitely confirm the lower value and so can be considered as giving 
evidence as to the correctness of the scattering theory as applied to a finite nucleus. 

The evidence for the existence of large^angle scattering due to short-range forces 
between mesotrons and nuclear heavy particles (protons and neutrons) is disctissed. 
The cross-section for this type of scattering is estimated to be of the order lO”’® cm.*, 
and this value is in agreement with that givtm by Bhabha for a ‘^classicar’ mesotron 
theory. 

There is no experimental evidence for the large increase of scattering due to 
short-range forces at low mesotron energies given in the quantum mechanical treat¬ 
ment due to Heitler. For the available mesotrons of lowest energy, the cross-section 
is fomd to be less than lO-*’ cm,*. This result is not compatible with the present 
development of mesotron theory, and may be interpreted as indicating a failure in 
the treatment of the charge exchange which leads to the interaction between charged 
mesotrons and heavy particles. 
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The photodiBinte^ration of the deiileron in the meson theory. By H. 

Feohlich, W. HeixIiKE and B. Kahn, {Communicated by J, D, Cockcroft^ 
F.R.8.—Received 14 August 1939.) 

We have calculated the photoelootrio effect of the deuteron on grounds of the 
tn€>Bon theory of nuclear forces. In this theory the nuclear field is considered as 
electrically charged, and consetiuently the light quantum can act on the nuclear 
field os well as on the proton. Because of the small mass of the meson, this effect 
is large. For the calculation we have assumed for the ground state of the deuteron 
a *S state. The result is that at high frequencies v the cross*soction is much larger 
than in the old theory, and decreases only like l/i^i as compared with the law 
in the Bethe-Peierls theory. Also the angular tlistrihution is different. In a<ldition 
to the distribution about the direction of the y-ray, there is a -independent 
term which becomes increasingly imfKirtant for increasing energies. For the Li 
y-rays (17 MeV), for instance, the cross-section is seven times larger than in the old 
theory and the ratio of the number of protons emitted j^arallel to the y-ray to that 
emitted perpendicular to it is 0'7. 


The absorption spectra of ethylene, deutero^ethylene and some alkyl- 
substituted ethylenes in the vacuum ultra-violet. By W. C. Prick and 
W. T. Tutte. {Communicated by R, 0. W. Norrish, FM.8. — Received 
14 August 1939 .) 

The absorption spectra of CgH^, and CjH,D have been investigated in the 
region 2000-1000 A. The spectra are interpreted as arising from the excitation and 
photoionization of the electrons of the double bond. The ionization i>otential 
obtained by the extrapolation of successive excited states in Rydberg series is 
10-45 V probably accurate to 0-03 V. The spectra of (a) propylene, (6) butene-2- 
(trems) and cyolohexene, (c) trimethyl ethylene, (d) tetramethyl ethylene, are shifted 
progressively to long wavelengths corresponding to reduction of their ionization 
potentials to (a) 9-6 V, (6) 9-2 V, (c) - 8-75 V and (d) - 8-3 V. This is probably a 
charge transfer or inductive effect brought about by the additional alky! groups. 

The spectrum of ois-diehloro-ethylene is discussed and its low ionization potential 
of 9*6 V is attributed to resonance to ionic states similar to those postulated to 
the ortho-para substituting properties in the phenyl halides. The value 11»8 V obtained 
for trans-dlohloroethylene by Mahncke and Noyes is attributed to a non*bondmg 
Cl electron. 


The absorption spectra of conjugated dienes in the vacuum ultra-violet. 

By W. C. Prick and A. D. Walsh. {Communicated by R, G. W, Norrish, 
—Received 14 August 1939.) 

The absorption spectra of butadiene, isoprene, /(?y-dimethyl butadiene and ohloto* 
prene have been investigated in the region 2500-1000 A, They are all very similar. 
The first strong bands appear as short diffuse progrossiopa involving the 
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vibrational fr&queney but no vibrational atrueture is observed in the bonds below 
1600 A. The latter ore interpreted as vibmtionlesa electronic transitions converging 
to the first photoionization limit the ‘‘mobile’* electrons. The extrapolation 

of successively excited states in Rydberg smes gives the following very accurate 
values of the molecular ionization potentials:—butadiene; 9^02 V; isoprene: 8-$l V; 
/?y-dimethyl butadiene: 8*67 V; ohloroprene: 8*79 V. 

The diminution in the ionization potential with alkyl substitution is interpreted 
as a simple inductive effect. The diminution in chloroprene involves the mesomeric 
as well as the inductive effect. The non-ap|>6aranoe of vibration bands accompanying 
the Rydberg transitions is a direct result of the resonance. As the electron is shared 
between two bonds, its removal has only one-half the effect on each and this is 
apparently inadequate to cause the appearance of vibrational bands. Attempts are 
made to evaluate the resonance integral from various features of the spectra and 
from the ionization potentials. It is pointed out that the main difficulty with 
Mulliken’s N^V interpretation of the strong bands of the dienes (also that of Sklar’s 
for benzene, etc.) is that the shorter wavelength transitions are interpreted as being 
the more strongly antibonding. The reverse is observed to be the case as judged 
from the vibration frequencies appearing in the spectra. 


Investigations of infra-red spectra (2*5-7*5{A)~dbsorption of water. By 

J. J. Pox and A. E. Martin. {C(mmunicated by Sir Robert Rohertaon, 
FM.8.—Received 15 Augvat 1939.) 

The absorption spectrum of water in the fonn of gas, liquid, solid, and in solution 
in carbon tetrachloride has been inve8tigate<l in the region 2* 5-7* 6 /i. 

In the liquid and solid the bands at 3, 4*7, and 6 fi have been studied, and their 
variation with temperature in the liquid determined. The 3 fi band moves to higher 
frequencies as the temperature increases, while the 4*7 and bands move in the 
opposite direction. This behaviour is attributed to hydrogen bonds between water 
molecules reducing the OH valency frequencies but increasing the angular deforma¬ 
tion frequency by reason of the constraints imposed by the surrounding molecules. 
Since the hydrogen bonds are at their strongest in ice and become progressively 
weaker when ice melts and the temperature of the water is raised, we expect to find 
the frequencies in the order ice-water at 0° C, water at 100^ C, vapour in accordance 
with the observations. The 4*7 /t band is a combination of the deformation fluency 
and the frequency of hindered rotation Vjj, about 600 which haa previously 

been observed both in the Raman and in&a-red spectra; its large temperature 
variation is due to tlie rapid diminution of with rise of temperature until finally 
it vamshes in the vapour state. 

The absorption of water in carbon tetrachloride about 2*7 has been studied and 
the results of Bodebtish et cU, confirmed, except that the suggestion of rotational 
atruoture reported by these workers could not be substantiated. Our values for the 
valency vibration ftequencies are 3705 and 3641 cm.-^ and are 40-60 cm.-*, less 
than the corresponding vapour values. A rapid method of eliminating water ffom 
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carbon tetrachloride (and some other Bolvenls and solutions) is dosoribod* and a 
value obtained for the solubility of water in carbon tetracliloride. 

Water vapour was examined in the region of 2*7 and it was found that the 
maximum value of the moltKJular extinction coefficient is only alxait 3 as comparent 
with 36 for a solution in carbon tetrachloride, 66 for liquid water, and 120 for ice. 
The increase of intensity of absorption on association is tluis very marked. 

It is well known that then'i is a discrepancy between the Hainan frequency 3664 
(Mj) and the value of 3605 deduced from infra-red data; it is shown to l:>e due to the 
fact that while Bonner’s relationship between the fundamental and combination 
frequencies is a good approximation, it is not exact enough to give a reliable value 
for I'j. 

Some of the more important combination bands of liquid water are considen^d 
in relation to the vapour frequencies, and a law similar to that used by Bonner for 
the vapour frequencies appears to hold for the liejuid. In each case the frequency 
in the liquid is lowtjr than in the vapour, and so tiu' observed shift to higher fre¬ 
quencies with rise of temperature naturally follows. 

The structure of liquid waiter from the })oint of view of its infra-red spectrum is 
briefly discussed. 


The Egyptian exploration of the Red Sea. By A. F. Mohamed. {Com 
municated by J. Proudman, F.R,S,—Recewed 17 August 1939.) 

An account is given of some of the more outstanding results of a preliminary 
Egyptian Expedition sent to the northern Red Sea in the winter of 1934-5. The 
important features of the hydrography of the area investigated such as the origin 
of bottom water in the northern Red Sea, the water movements through the Htrait 
of Tiran, the adiabatic temiH^rature changes at great depths in the Gulf of Aqaba, 
the thermal regime of the Gulf of 8uez and the nature of circulation in the Red Sea 
are described. The chemiwil observations have revealed iho presence of a maximum 
phosplmte layer at intermediate de|>ths in the Red Sea; but at these deptlis the 
oxygen concentration os well as tlio pH is at its minimum. The analysis data of 
thirty-eight bottom samples collected from the northern Red Sea and its adjoining 
gulfs suggest that the environment conditions of sedimentation are different in each 
of the three main regions investigated. 


Critical and co-operative phenomena. V. Specific heats of solids and 
liquids. By A. F. Devonshire. (Communicated by J. Lennard-Jones, 
F.R,S.—Received 18 August 1939.) 

Specifio heats of simple substances in the liquid or solid phase have been calculated 
in terms of the intormolecular forces. Comparison is made with the experimental 
values for krypton and argon, and fair agreement is obtained. Calculations are also 
made of thermal expansion and compressibility. 
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The origin of the larval kidneys of the Stylommatophorai By W. 

Fernando. {Communicated by E. W. MacBride, F.R.S. — Received 22 
August 1939.) 

The mesodermal bands are developed from the niotlier cell of the inesoderm. From 
the mesodermal bands differentiate the rudiments of the larval kidneys in A chatirui, 
Ohsaula and Ope(M, 

In AchcUina this mesodermal rudiment isolab^s from the remninfler of the mesoderm 
and develops a lumen inside. An ectodermal invajfination later unitt>ts with thi^ 
mesoderm and a tubular larv^al kidney results, opening at one end to the exterior. 
In Gleastda the isolation of the inosoderinal nnlirnent is less marked than in Achuthia, 
but subsequent development is the same. In Opeaa the mesodermal rudiment of the 
larval kitlney is differentiated at a very early stage while still in contact with thi^ 
rest of the mesodermal band. The ectodermal invagination also develops very early 
but the union of the two portions takes place at a later stage. 

The larval kidneys of the Sfcylommatophora are for tlie greater part mesodermal, 
only a small portion with the external aperture being formed of ectoderm; the larval 
mesoderm take no part in their formation. 


Some cases of the steady two-dimensional percolation of water through 

ground. By B. Davison and L. Rosenhkad. (Communicated byJ, Proudnmn, 
F.R.S,—Received 22 August 1031).) 

The paper contains a summary of the mathematical theory of two-dimensional 
ground-water motion. It also contains a lemma which in special coses simplifies th«' 
solution. As examples involving the application of the lemma three cases are con¬ 
sidered. They are: 

(i) The characteristics of ground-watta- motion in a brotul embankment with 
vertical faces, due allowance being made for evaporation froni the free surface or 
water table. In this problem formulae are established for the volumes of fluid 
entering and leaving the embankment in xinit time when there is no seejxage surface 
and when evaporation takes place over the free surface. A condition is deduced upon 
which the existence of the seepage surface depends. 

(ii) The characteristics of ground-water motion in the soil outside an irrigation 
dyke of rectangular section, the base being horizontal and at a constant height above 
a plane impervious surface. Evaporation is taken into account. 

Formulae are obtained, expressed in terms of integrals, for the quantity of fluid 
entering the soil in xmit time and for the width, at the impervious surface, of the strip 
of soil irrigated by the dyke. 

(iii) The oharacteristios of ground-water motion in the soil outside a number of 
parallel drairung tubes. The equation of the free surface is obtained. 
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The etniesion spectrum of hydrocarbon flames. By E. C. W. Smith. 
(CommuniccUed by A. C, 0. Egertoriy 8ecM.8.—Received 23 AiiguBt 1989.) 

An examination has been made of the emission of stationary and explosion dames 
of ethylene in air, enriched air and oxygen, and of the explosion flames of propane 
in air, together with a chemical examination of the condensable products of reaction. 
The explosive limits of these mixtures have also been determined. 

It is suggested that the carbon deposition observed at pressures in excess of some 
critical value with ethylene mixtures may b *3 due to the polymerization of C| mole¬ 
cules. It would appear that the “green flame’" regions observed by Townend and 
Chamberlain and by Townend and Hsieh for various ethers and liydrocarbons, are 
determined solely by the stability of the same species. 

It is suggested that the so-called “ethylene flame bands"’ which also occur in the 
spectra of propane and other hydrocarbon fla-mes are })ossibly emitted by an isomeric 
formaldehyde molecule, HC.OH. 


Determinations of the Rydberg constants, ejm and the flne stri^cttire of 
Ha and Da by means of a reflexion echelon. By J. W. Drixkwater, Sir 
OwBJNRiCHARDSON,F.R.S.,andW.E. Williams. {Received August 1939.) 

The wave numbers of the main lines of and have boon directly determined 
in vacuo by means of a 40-plate reflexion echelon. The liquid air cooled discharge 
tube containing helium with a small percentage of hydrogen (or deuterium) gave 
approximately the theoretical ratio between the intensities of the “ apparent doublets ” 
over the optimum range of operating conditions, which was investigated. With 
6440*2491 A os the vacuum wavelength of the red cadmium line, the wave number 
of the “centre of intensity of the main line of is 15,233 067 q cm.”^ (r.m.s. error 
0*0014 cm.- 1 ) and the Rydberg constant = 109,677*5ftq cm.“^ (r.m.s. error 
0*0Iq cm,For the heavier isotope the corresponding values are 15,237*211| cm."' 
(r.m.s. error 0*001 g cm."*^) and Rjy = 109,707*42i cm."^. 

The mass of the electron, using the atomic values of Bainbridge is 

m “ (5*48646:4= 0*0006) x 10~* atomic units. 

Taking the Faraday as 9661*31 4=0*80 coulombs we get 

efm = (1*75914=0*0004) x lO’' o.m.u./g. 

With e/M^ = 9673*48 wo obtain MJm = 1837*4q and = 109,737*27, cm."^. 

Seven microphotometer records of D„ and four of have been analysed; denoting 
the components in order of their relative intensities and 14 to indicate the centre 
line of the unresolved doublet of the first and fourth component (termed the 
main line) we find 14-2 for = 0*320j cm. --i with a spread of 0*004 om.-» and 

2 — 3 — 0*119 cm."*^ with a spread of about twice the amount. The observed half¬ 
width values for the second and third components are 0*094 and 0*108 cm."S the 
latter being frequently obviously unsymmetrical. An analysis of the 14 doublet 
places component 4 at 0*044 from component 1 , The corresponding values for 
ore 0*3l9g and 0*131^ cm.“’ with half-widths of 0*180 and 0*136 

Although these values appear to support Pasternack's suggestion of a perturbation 
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of the 2*B| level, the increased intensity of the third component coupled with an 
increased half-width, in addition to other evidence, gives us ground for supposing 
that the discrepancies are caused by molecular lines in this region. We conclude that 
no real evidence has yet been obtained to show that the fine structures tlepart 
substantially fW>m the values calculated from Dirac*8 equations. 


The pigmentary effector system, IX. The receptor fields of the teleostean 
visnal response. By L. Hogben, F.R.S., and F. Landorebe. {Received 
24 August 1939.) 

Chromatic behaviour of Qasteroateus is controlled by a humoral and by a nei'A^ous 
mechanism. The former alone plays any significant part in the transition to the 
equilibrium condition in darkness. Tt reinforces nervous control in the transition to 
the equilibrium condition during background reversal with overhead illumination. 

Tl)e photoreceptors concerned with the black background response are locate<l in 
the floor of the retina below the optic nerve, and the photoreceptors ooncemod with 
the white backgroimd response are located in a restricted region in the centre of the 
retina above and below the optic nerve. With respect to colour change the dorsal 
region of the retina is neutral. 

The lens of the eye of Gasterostexm consists of an outer spherical shell and a con¬ 
centric spherical core. The refractive index of the former, like that of the \ntroous 
humour, does not differ significantly from that of water. The core which has a high 
refractive index in the neighbourhood of 1*5 is the effective refractive constituent 
of the optical system. 

In relation t-o image formation, we may distinguish tliree regions of the retina: 
(o) below the optic nerve, a small area where images of extra-aqueous objects are 
focussed; (6) aroimd the optic nerve, a larger region whore images of sub-aqueous 
objects are formed; (c) a band of the periphery where only light and shadow are 
registered. 


The reactions of the urinary bladder of the cat under conditions of constant 
volume. By the late J. Meulanby, F.R.S., and C. L. G. Pratt. {Received 
2%Aivgvst 1939.) 

Instantaneous change from constant pressure to constant volume conditions 
produces either on isometric contraction or a state of quiescence at zero pressure, 
according to the phase of the isotonic rhythm at which the change is made. The 
isometric contraction may be followed by a state of quiescence at zero pressure for 
on indefinite period, or by a rhythmic series of similar contractions. The bladder 
nearly always relaxes to zero pressure in the intervals between isometric contractions. 
The isometric contraction differs from an isotonic rhythmic contrewstion in several 
particulars, which are described. The hydrostatic pressure reached during an iso¬ 
metric contraction may be more than 100 nun. Hg. The isometric contraction is 
probably reflex in nature. 

Under light chloralose anaesthesia, and in the decerebrate cat, the height of the 
isomotnc contraction may be accompanied by twitches of the diaphragm, abdominal 
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muAcles and limb muscles. Division of the hypogastric nerves does not modify the 
isometric contraction. Stimulation of the peripheral end of the cut hypogoatric 
nerves causes a submaximal isometric contraction, followed by a i>eriod of diminished 
excitability. Division of the nervi erigentes abolishes the isometric contraction. 
Stimulation of the peripheral ends of the cut nervi erigentes causes a maximal iso¬ 
metric contraction. 

Adrenaline produces contraction, after a long latent period, similar to the isometric 
contraction. Acetylcholine produces a prompt contraction, similar to the isometric 
contraction. Atropine abolishes the isometric contraction more readily than it 
destroys the isotonic rhytlim. 


Calcium and blood coagulation. By the late J, Mellakbv, F.B.8., and 
C. L. G. Pkatt. {Received 25 August 1939.) 

The calcium content ()f fowl serum is the same as that of plasma. Therefore calcium 
does not combine with fibrinogen in the formation of fibrin. 

Calcium has no influence on the rate of coagulation of plasma by thrombam?. 
Precipitation of calcium from fowl plasma shows that only 8-9 mg. % may be readily 
precipitated by a soluble oxalate, A great excess of oxalate is required to precipitate 
the remaining calcium. The coagulation of fowl plasma by tlirombokinase is pre¬ 
vented when the calcium readily precipitated by oxalate is romovod. A concentration 
of calcium ion of less than 0*3 mg. % is required for the coagulation of fowl plasma by 
thrombokinose. 

The rate of activation of [)rothrombase by thrombokinose is accelerated by the 
presence of calcium ions. Tiie spontaneous activation of protlrrombase in the presence 
of water, acetic acid and oxalic acid, shows that the calcium ion increases the rate of 
the reaction, but is not essential to the reaction. 


Studies in peroxidase action. 11. The oxidation of p«toluidene. By 

P. J. G. Mann and B. 0 . Saunders, {Communicated by Sir WiUiam 
Pope, PR.8.—Received 25 August 1939.) 

The enzyme j>eroxi(hifiK^ derived either from horseradish or turnips readily oxidises 
p-toluidine, at room temperature, in the presence of dilute hydrogen peroxide at 
pH 4*6 (dilute acetic acid solution). 

A red coloration is at first produced and then a md-brown solid gradually sepa¬ 
ratee. This has been shown to consist of 5-amino-toluqumone-bis-p-talylimine, 
6 -p-toluidmo-toluquinone-bis-p-tolylimine, 4: 4'-dimethyldiphonylamino^ a small 
quantity of 4: 4'-dim©thylazobenzene and very small quantities of 6-amino-tolu- 
quinone-p-tolylimine, 6-p-toluidino-tohiquinone-p-tolylimine and of a substance of 
m.p. The action of hydrogen peroxide and ferrous sulphate (in place of the 

enzyme) on p-toluidine dissolved in dilute acetic acid is diflferent from the reaction 
described above. 

A convenient fonn of apparatus for the continuous elution of a chromatogram is 
described. 
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Re«otiance phenoimna in the disintegration of fluorine by protons. By 

W. E. Bttrcham and S, Devons. {Communicated by J. D. Cockcroft,F.R.S .— 
Received 25 August 1039.) 

An investigation has been made of the short range a-particles emitted from 
fluorine under proton bombardment. The a-particles were separated from the 
scattered jirotons by magnetic deflection. The results confirm the view that the 
resonant y-radiation is emitted from an excited level of formexl after emission 
of a low energy a-particle. A (Jpscription is given of some mensuroments of the widths 
of the resonances for y-radidtion, using magnetically resolved beams of protons of 
high homogeneity. The results indicate that the resonances are very narrow in two 
cases examined, and considerably broader in the third. The excitation function for 
the omission of 5*9 cm. a-particles in the reaction + has been 

examined carefully. The excitation function shows resonant features superposed 
upon a background which increases with increasing proton energy. A discussion of 
some possible explanations of the rt’isonant phenomena observed is given. 


Experiments on the transmutation of sodium by deuterons. By E. B. M. 

Mtihrell and 0. L. Smith. {Comnmnicaied by ./. D, Cockcroft, F.R.S .— 
Received 25 August 1939.) 

The transmutations of soditim under bombardment with deuterons of energy 
0*86 X 10* eV have betm investigated in detail. 

The two groups of a-particles which are emitted, with ranges 5*0 ± 0*1 and 3-4 cm,, 
are attributed to the process 

wNa + »H->**Ne + ^Ho. 

The energy of the longer range group leads to a value for the mass of *^Na of 
22'9961 ± 0*0003 and the shorter range group indicates the presence of on excitation 
level in the ®^Ne nucleus which is calculated to be 1*6 x 10* eV above the ground 
state. 

Four groups of protons were also found to be omitted with ranges of 7*5, 24*0, 
33*4 and 37*8 cm. From the energy of the group of longest range a value of 
23*9976 ± 0*0003 is deduced for the mass of the **Na atom. From the energy values 
of the other groups it is concluded that excitation levels at 0*38,1*26 and 3*38 x 10* eV 
above the groimd state exist in the ‘‘Na nucleus. 

The value 23*9913 ± 0*0003 is also dodtioed for the mass of **Mg. 


The specific heat of superconducting mercury, indium and thallium. 

By A. D. Miskner. (Communicated by J. I>. Cockcroft, F.R,S.—Received 
26 A'ugust 1939.) 

Threshold Held curves for mercury, indium and thallium were accurately deter¬ 
mined by a magnetic method down to a temperature of l‘r K. By least squarts 
methods, polynomials were fitted to these curves and from these the specific heat of 
the metals in the superconducting state was caloulatetl using the formulae of Qorter 
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and Caeimir. The values obtained for thallium aigree with the direct determinations 
of Keeeom and Kok« The specific heat of superconducting mercury and thallium 
varies as T®, that of indium* as T*. 


The thermal capacity of pure iron. By J. H. Awbbry and E. Griffiths, 
F.R,S. (Received 25 August 1939.) 

The specific heat of very pure iron has been measured by an electrical adiabatic 
method up to nearly 1000“ C. A sample weighing about 1200 g. was heated by an 
internal heater, and a subsidiary furnace was used to maintain a jacket armmd the 
specimen at the same temperature as the latter throughout the experiment. There 
was thus no net loss of lieat from the specimen and tlie specific heat was given directly 
by measuring the energy input to the internal heater and the corresponding tem|>era* 
tine rise. The method was a continuous one, i.e. the internal heater was in action 
throTighout a long period, the times at which the specimen passed each of a number of 
temperatures being noted, so as to obtain a number of points on the specific-heat 
curve. 

The sj^ific heat rises gradually from 0*H3 oal./g./l“ C at 60^'' C" to a maximum of 
0-28 at the magnetic point, 765° C; it then falls again, and subsequently rises as the 
transformation point at 903° C is approached. This “i)oint'’ is foimd to be double. 
At 903° C the specific heat is infinite, but after falling to 0*37 it rises again at about 
908° C before finally falling to the value 0-13-0-14 oal./l° 0, which is the v^alu© found 
for the high-temx)erature modification (gamma iron). The heat absorbed at the 
transformation is 3*9 cal./g* 


On the production of Ra £ and polonium by deuteron bombardment of 
bismuth. By D. G. Hxtrst, R. Latham and W. B. Lkwis. {Communicated 
by J. D. Cockcroft, FM.8.—Received 28 August 1939.) 

The Cambridge cyclotron has been used to examine the reactions occurring when 
bismuth is bombarded with deuterons of energies up to 8*7 MeV. 

The reactions found to take place are the formation of Ra E by a (d, p) process, 
and of Po by a (d, n) process. The Ra E subsequently decays into Po by the emission 
of an electron; with a 6 days' half-life. 

By determining the amounts of Po formed directly, and indirectly, following the 
decay of Ra E, it has been possible to measure the relative yields of the (d, p) and 
(d, n) reactions at various energies of the deuteron. 

The excitation functions for the two reactions have been compared with the 
values to be expected on theoretical grounds. 


The equation d^logyldsfiml-y when y>0. By J. Cabson and L. F. 
Richabdson, F.R.S. {Received 29 Avgust 1939.) 

The equation d^Xogyldai* n 1 — j/ defines a manifold of periodie fonotiona. Certain 
psychologioal and physiological oscillations are represented iq>proximateiy by 
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particular integrals. The equation arose in connexion with the relaxation oscilla¬ 
tions of a noon lamp. The manifold of functions has two parameters, which may be 
taken to be the co-ordinates x sz y Q & particular maximum of y. Alteration 
of Xq merely moves the wave as a rigid shape parallel to the ^r-axis, so that for many 
pur{K}ses we may take = 0 and regard O as the interesting parameter of the family. 
Alteration of G alters both the wave-form and the wave-length A. 

As 0-^1, A'-^27r{l -f 1)®..As A->oo. 

At <? = 50, A = 20*28, The wave-form for G — 100, consists of narrow steep peaks 
separated by broad flat-bottomed valleys; the minimum value of y being 3-8 x 10"*®. 
For smaller values of G the peaks are less narrow and the valleys not so flat, until as 
Q~^l the wave-form tends to y = 1-f ecosa; where e->0. In order to evaluate 
numerical quadrature lias be^en used. A few numerical tables are given, also a list 
of related problems. 

This family and its connexions seem to form a coterie detached from the common 
tabulated functions. 


The excitation of inner electrons in zinc, cadmium and mercury by 
electron impact. By A. H. Lke. (Comnvunicated by R, Whiddington, 
F.R.S,—Received 30 A'^igiist 1939.) 

Certain analogous ultra-ionization potentials have been observed in zinc, cadmium 
and mercury, while studying the energy losses of electrons in the vapours of those 
elements. In order to explain these U.I.P., all the processes which could give rise to 
them are examined in detail. It appears that none of the processes which were 
formerly foimd to bo responsible for such effects, is adequate in the present case. 
A new process—excitation of an inner electron—hitherto unrecognized in electron 
impact experiments, is shown to be the cause. The analogous U.I.P. correspond to 
analogous transitions observed, by Beutler in the ultra-violet absorption spectra of 
the three elements, and attributed by him to excitation of a d electron in the closed 
shell immediately below the valence shell, resulting in a ®Pj state, in each cose. 
(The valence electrons remain in their normal states.) A further U.I.P. in mercury 
is explained in a similar way. 

The observed U.I.P. are abnormally intense for 'Sq-^Pi excitations at the bombard¬ 
ing voltages used. This anomaly may be a consequence of the unusual process 
involved. Hence an approximate determination of the excitation function of the 
flrst inner" excitation in mercury has been made, and certain features noted. 


An invefttlt^tion of cold-worked polycrystalline alpha-iron. By L. 

Mtnu4iKS and J. W. Rodgers. {Ccmmunicated by Sir Harold Carjmiter, 
FM.8.—Received 1 September 1939.) 

A new empirical method of approewh to the mechanism of grain breakdown in 
metals on cold-working is described and applied in an X-ray examination of alpha- 
iron, cold-worked by elongation. 
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The individual reflections from the grains of the metal are microphotometored 
along the periphery of the reflection rings and those photometer records are analysed 
into the components which arise from the discrete crystal fragments of the deformed 
grain, a Gaussian error curve being the basis of the unit reflection curves used in the 
analysis. 

A survey of the many photometer records analysed showed them broadly divisible 
into foiir tyjKis, corresponding to the reflections from the various types of actual 
disintegration of the metallic grain, reprc^sentative curves being given. 


Thermal transpiration of a dissociating gas and the modified dissociation 
formula. By B. N. Seiva.stava. (Commmnicated by M, N. 8aka^ FM.S ,— 
Received 5 September 1939.) 

In this paj3er the thermal transpiration of a dissociating gas is investigattid 
theoretically for two chambers maintained at different temperatures and com¬ 
municating with each other through a narrow opening. It is shown that the condition 
of thermodynamical equilibrium an<l the usual transpiration relation for each con¬ 
stituent cannot both be satisfied simultaneously. An approximate solution of the 
problem is given which is based on the asstunption of thermodynamical ociuilibrium 
in each chamber. Expressions are deduced for the absolute magnitude as well as 
the ratio of the atomic or molecular concentrations in the two chambers in the 
general case and some limiting eases. 

The problem is treated rigorously from the view-point of a steady state. Ex¬ 
pressions are worked out showing how the law of mass action suffers modifloatiun 
in this case. Expressions are also deduced for the atomic and molecular concentra¬ 
tions in the two chatnbers and the modified transpiration relation is stated. Finally 
the relative merits and demerits of both the treatments are clearly set forth. 


A spectroscopic investigation of hydrocarbon flames. By W. M. Vaidya. 
{Communicated by Jf. N, Saha^ FMM,—Received 5 September 1939.) 

The present paper forms part I of a series of three papers, describing the results 
obtained in an extensive investigation of the spectra of the flames of carbon com¬ 
pounds, which was undertaken in order to understand the processes of combustion 
in hydrocarbon flames. The flames of compounds, found by chemists to occur as 
intermediate prodAicts in the combustion of main hydrocarbons have also been included 
as also some other flames for comparative purposes. A Smithells flame-separator has 
been used in many cases, so as to facilitates independent observations of the inner and 
outer cones. 

It has been found that the outer cones of common gas, methane, ethylene, acetylene, 
ether and ethyl alcohol give a spectrum identical with the CO flame spectrum. The 
inner cones of all the compounds except formaldehyde and methyl alcohol give in 
general Cji, CH, HO and the ethylene flame bands with varying Intensities. Form¬ 
aldehyde yields only CO flame spectrum while in methyl alcohol are present OH, HO, 
and the CO flame bands. 
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Effusion phenomena in relativistic quantum statistics. By D. V. Gog ate. 
{Communicated by Sir Given Richardsony F.R,S.—Rersived 8 September 1939.) 

This paper deals witli the phenomenon of the effusion of energy of an ideal gas 
through a narrow orifice taking account of relativistic quantum statistics. In § 1 
non-<legen6rate matter is considered and the amount of energy eff\i8iug out per 
second per unit area is calculated. In § 2 the f3ffusion of energy is calctilaied for a 
completely degenerate gas, degenerate in the sense of Fermi-Diroc statistics. It is 
also shown that in the case of complete degeneracy, the same expression holds for 
the rate of effusion of mass throughout the whole region from completely non- 
relativistic to completely relativistic. The results are displayed graphically in § 3 
to bring out clearly the physical significance of the different formulae for the various 
cases of non-degeneracy and degeneracy. 


Relaxation methods applied to engineering problems. V. Conformal 
transformation of a region In plane space. By R. W. G. Gandy and R. V. 
SoDTHWELL, F.R.S. {Received 14 September 1939.) 

Port in of this series dealt {irU&r aUa) with the application of relaxation methods to 
problems in plane*potential theory. In tliis paper the problem of conformal trans¬ 
formation is disotiBsed as a particular example. 

Orthodox mathematics presents the transformation in an equation of the type 
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which expresses a one-to-one relation between points in the original and in the 
transformed region; but tlie equation is of no concern to the practical computer 
provided that he can construct “maps” of which it is the mathematical expression, 
and for this it is only necessary to have a and evaluated at nodal points at some 
regular “net”. Thus the problem from a practical standpoint is to construct the 
ob-fi contours. In this paper four eases of common occurrence are troat^od, and the 
“a-/? maps” are reproduced. The accuracy of the calculations in general is greater 
than a drawing can exhiViit. 

Some incidental problems call for notice which were not confronted in Part ITT. 
Thus whereas one of the two conjugate functions a, /? can be compub^ by the 
metliods given previously, its computed values (being only an approximation to a 
plane-harmonic function) are not in general compatible with a single-valued con¬ 
jugate. In cose (c) we are concerned with a region of infinite extent, and the device 
of “geometrical inversion” must be applied in order to render the problem tractable 
by relaxation metluuls. For some applications wo require values of the ratio 

h = I d(a + ili)ld(x + iy) \ 

at least as acctirate as those of a or examples are given io show that the requisite 
accuracy is attainable, use being made (when necessary) of the fact that log/fc is 
plane-harmonic. 

The last problem treated (calculation of the electric capacity of a straight cable 
or condenser) is in essence an example of conformal transformation but con be solved 
when only one of a, /? has boon computed. It does not demand construction of the 
a-/? map. 


Structure and thermal properties associated with some hydrogen bonds 
in crystals. III. Further examples of the isotope effect. By A. R. 

Ubbelohdk. {Cmimunicated by Sir William Bragg, PJi.8.--Received 
20 September 1939.) 

The effect on the lattice spacings of substituting deuterium for hydrogen has been 
investigated for pentaerythritol, CuSOiSHjO, SrClj6H|0, fumaric acid, KH 8 PO 4 , 
NaHS 04 , urea and KHF,. The main conclusion is that when the crystal structure 
contains hydroxyl bonds the isotope efFect is small, and when it contaiiis hydrogen 
bonds there is a marked expansion, which disturbs the lattice sufficiently to lead to the 
separation of potassium phosphate in a now crystal structure. The effect for potassium 
hydrogen fluoride do(?8 not suggest a short hydrogen bond in this compound. Short 
hydrogen bonds seem to require special resonance forces for their explanation. 


The phosphorolysis of starch by an enzyme system from pea seeds. By 

Chaelks S. Hanes. (Communicated by F, F. Blackman, F.RB.—R^eived 
2 September 1939.) 

An investigation of a system of enzymes from pea seeds which catalyses the 
formation of hexose-phosphates from starch, various dextrine, and maltose is 
described. 
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The first recognizable step in the process is the formation of glucose-1.phosphate 
which has been isolated in the form of the crystalline potassium salt. Kvid(mce is 
advanced supporting the conception that this ester is formed as the result of a process 
of direct phosphorolytic cleavage of terminal glucose units from the non-aldehydic 
ends of the chain molecules of the substrate. 

This primary conversion of starch into glucose-1-phosphate is shown to be a 
reversible reaction, catalysed in both directions by an enzyme which has been termed 
phoflphorylose. 

Glucose-1-phosphate takes part in an alternative reaction, catalysed by the 
phosphogluoom} conversion system, in which it is converted into reducing hexose- 
raonophosphatoB. 

Finally, in non-dialysed extracJts, fructose-dipliosphate is formed. 


The chromatic behaviour of the eel. By H. Waring. (Cornnumicated by 
L. Hoghen, FJi,S.—Received 14 September 1931).) 

There is a dominant bi-humoral control of the dermal melanophores of the eel. 
The expanding hormone “B” is localized in the posterior lobe of the pituitary; tlio 
contracting hormone is localized in the anterior half of the pituitary. “B” is 

built up quickly and excreted quickly; “W” is built up slowly and (?xoretcd slowly. 

There is direct innervation of the melanophores. The time relations of the natural 
responses show that it has no significance in the behaviour of normal orumals. It can 
only bo distinguished in the absence of “B”. Release from nervous control might t)e 
expected to show itself in the transition from a white illuminatod ground to darkness, 
but the normal behaviour is dominated by the slbw excretion of “ W”. 

The results of this investigation support the general hypothesis of chromatic 
co-ordination outlined by Hogben and Landgrebe. 


The fine structure of phloem fibres in untreated and treated hemp. By 

B. C. Kundit and R, D. Preston. {Communicated by F. TL Blackman, 
F,BM.—Received 21 September 1939.) 

During recent years many investigations of wall structure have been based on the 
use of swelling agents. While it is not to be denied that observations of swollen 
material are useful in some resi)eots, it is the aim of the present paper to show that 
extreme care must be taken in the deduction from them of the nature of the intact 
wall. Several methods lead to the conclusion that in the hemp fibre the wall is 
composed of cellulose chains running almost longitudinally; twen the tenuous outer 
layers do not deviate oonsklorably from this orientation. On the other hand, the 
direction of cellulose chains in the swollen walls depends on a number of factors, 
including the nature of the swelling treatment, the distribution in the wall of the 
“inorusting substances**, and tlie chain direction in the wall before swelling. It 
appears to be a general rule that the greater the swelling, the more inclined to the 
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longitudinal the cellulose chains become, and this effect becomes the more marked 
as the material is less carefully manipulated. The presence of an internal layer, with 
slight response to swelling agents, leads to the appearance of internal dbrils which 
retain their longitudinal orientation. This combination, in one swollen wall, of cellulose 
chains running in different directions, which is clearly an artefact due to swelling, 
is responsible for the erroneous conception of the intact wall as built on similar lines. 
It seems certain that this effect of swelling may bo even more marked with other 
types of cell. 

The phenomenon of ‘ ‘ ballooningis tt) be explained in terms of the chemical nature 
of the various wall layers; there is no need to invoke the presence in an outer layer 
of cellulose chains oriented transversfily. The outer highly lignifled layer is much 
more resistant to swelling than is the central layer and, upon rapid swelling of this 
latter layer, becomes fractured along a steep spiral line, coincident with the direction 
of the cellulose cliains. Further swelling causes this spiral to be flattened until it 
assumes the form of transversely oriented fibrils. This appearance again is clearly 
an artefact. A phenomenon resembling the well-known chemical sectioning*’ also 
receives explanation on similar lines. Resistance to swelling may bo dxio either to 
high lignin content (o\jtor wall layer) or to the precise configuration of the cellulose 
itself (inner wall layer). 

In the interfn'etation of swelling phonomena, the greatest care must be taken in 
observing the changes which occur during the swelling process. In hemp there is 
nowhere the slightest evidence that in any layer the cellulose chains run in a direction 
very different from those composing the bulk of the wall. 


The lattice spacings of the primary solid solutions of silver, cadmium and 
indium in magnesium. By G. V. Raynob. (Communicated by W, Hume- 
Rothery, F.RM,—Received 27 September 1939.) 

Accurate measunnuents have been made of the lattice spacings of the primary solid 
solutions of silver, cadmium and indium in magnesium. At equiatomic compositions, 
decreasing the valency of the solute increases the lattice distortion in the basal plane. 
In dilute solution, indium, cadmium tmd silver contract the “a” parameter by 
amounts proportional to 1:2:6 respectively, while the volume of the unit cell is 
contracted by amounts proportional to 1:3:9 respectively. The “a” parameter 
factors may be expressed as 1-f (3-valency)* and the volmne factors as 
1 + 2 (3-valency)*. There is no such regularity for the *‘c’* parameters. The results 
may bo intori>reted qualitatively in terms of the Brillouin /.one theory of metals. 


The molecular spectrum of iodine excited by fluorescence In the presence 
of nitrogen and by active nitrogen. By A. Elliott. (Catnmunicated by 
8. R, Milner^ F.R.S,—Received 28 September 1939.) 

The fluorescence spectrum of iodine vapour in the presence of nitrogen at 1 atm, 
pressure has been photographed. The spectrum contains four separate band systems. 
A vibrational analysis has hmn carried out for two of these systems, one of which is 
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often referred to aa the “continuum “ 3425, and which ia due to a transition. 

The eiffeot of varying nitrogen preaaures on the intensities of the bands has been 
oxainined. 

The spectrum of iodine vapour excited by active nitrogen has been photographed 
and compared with the fluorescence spectra of iodine vapour in the presence of 
nitrogen. 


The properties of paramagnetic salts at low temperature. By J. Saukji 
and H. N. V. Temperlky. {Communicated by R. H. Fowler, FM.S, — i?e- 
ceAved 29 September 1939.) 

An attempt is made to examine theoretically the properties of paramagnetic! salts 
at very low temperatures. The model taken is a lattice of freely suspended small 
magnets, but mathematical diffloulties prevent a rigorous calculation of the partition 
fimction, either on classical or quantum lines. A simple model is proposed, which is 
really a generalization of the Bragg-Williams theory, enabling one to take account 
of the effect of a magnetic field. The few^ configurations whose energies are known 
are used for fixing arbitrary constants in the general expression for the energy. The 
theory predicts that the state of lowest energy is either a spontaneously magnetized 
state or a state in which alternate rows of magnets point in opposite directions, 
according to the shape of the sp<Hiimeri. A sphere should not be spontaneously 
magnetized, hut will be in an anti-parallel state at low tem|)eratures, but spontaneous 
magnetization should appear in an ellipsoid with an eccentricity greater than a 
certain critical value. The transition curv'^o boimding the region in which the anti- 
parallel state is stable consists partly of a line of Curie points, which corresponds to 
the horizontal line in the approximate tiiagram and partly consists of a line of points 
determining transitions of the first order, with a definite latent heat. This lino is 
represented by a vertical line in the approximate diagram. The effect of shape on the 
properties of the si)ecimen seems to be established experimentally, but it is difficult 
to make numerical predictions, owing to the rough nature of the theory. 


Seiamic investigations on the Palaeozoic floor of East England. By E. C. 

Bullard, T. F. Gaskell, W. B, Harland and C. Kerr-Grant. {Cmn- 
municated by Sir OeraU Lenox-ConyngJmm, F,R.S.—Received 29 September 
1939.) 

The depth of the Palaeozoic floor under part of East England has been investigated 
by the refraction seismic method. Records have l>een taken every 200 ft. along linos 
4000-8000 ft. long; such detailed shooting enables various sources of uncertainty in 
the results to be investigated. 

The interpretation of the seismic results required a more thorough knowledge of 
the contours of the Jurassic and Cretaceous than was available; the data from bore 
holes and outcrops have therefore been collected and or© presented in the fomi of 
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contoured maps showing the deptlis of various horizons and the thioknesaes of rock 
between them. 

A map of the form of the Palaeozoic floor and a discussion of its constitution are 
also given. The latter is based on a re-examination of the bore hole cores and on the 
seismic velocities. 


The steady two-dimensional flow of viscous fluid between plane walls. 

By L. Rosenhead. (Communicated by G. /. Taylor, FM.S.—Received 2 
October 1939.) 

This paper considers the steady radial two-dimensional flow of viscous fluid between 
plane walls which cither converge or diverge. A general solution is obtained in terms 
of elliptic functions and the various mathematically possible tyj>es of flow are dis¬ 
cussed. The problem is treated numerically and a, the semi-vertical angle between tlie 
walls, is plotUKl against H, the Reynolds number, for the various tyj^es of flow. 

The itivostigations show that for every pair of values of a and R the number of 
mathematically |)oaHible velocity profiles is infinite. The effect of increasing the 
Reynolds nmnbcr in outflow is to exclude, progressively, more and more of the simpler 
types of flow. No such exclusion is introduced when R is increased in inflow. It is 
shown fidso that when 7r>ci>\n pure outflow is impossible. The fluid must contain 
regions of outflow and inflow. Further, when tt > a > Jrr there is a range of values 
of small Reynolds number in which pure inflow is impossible. With increasing R in 
pure inflow, and with small values of a, the velocity profile exhibits all the well-known 
characteristics of boundary layers near the walls and an approximately constant 
velocity across the rest- of the channel. In pur© outflow the flow becomes more and 
more concentrated in the centre of the chamiel as R is inoreasod until finally regions 
of inflow occur near the walls. 

Sf>eculative assumptions are introduced to suggest a plausible sequence of changes 
of the velocity profile as the Reynolds number is inoreasod. 

The paj)er does not investigate the stability of the various tyi)os of flow. 


The effect of adaptation on subjective brightness. By K. J. W. Craik. 
(Communicated by F C, Bartlett, F,R.S,—Received 3 October 1939.) 

Subjective brightness has been investigated by binocular matching. The adapted 
response “saturates’’ at lOOOe.f.c.; below this it decreases less rapidly than initial 
brightness in the proportion, roughly, of 1 : 2 on a logarithmic scale of stimulus 
intensities. Adaptation thus oompensat-os subjective brightness for slow changes in 
illumination, i>erfoctly above 1000 o.f.o. and less perfectly below this. The adapted 
level of subjective brightness is relatively low; e.g. the initial brightness of 3 e.f.o. 
exposed to the dark adapted eye equals that of 16,000 e.f.c. to an eye adapted to that 
illumination. 

The data on subjective brightness fit well into a photochemical theory of vision. 
The difficulties of accounting similarly for some of the features of brightness dis¬ 
crimination under a fixed adapting illumination are discussed, and it is suggested 
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that e£feots due to the neural aysteni are superimposed on those due to tho photo- 
ohemtcal system, and that this neural system involves nerve-endings of different 
types whoso behaviour under a range of illuminations, denoted as the lower non¬ 
linear, linear, and upper non-linear or overload ranges, is bettor described in terms 
of their own excitability, adaptive and refraetory-period characteristics than in terms 
of the underlying photochemical mechanism. 


The photodynamic activity of the tissues of mice treated with 3 :4 benz¬ 
pyrene. By J. C. Mottram. {Cmnmunicated by J. W, Cooky F.R,8.—Re¬ 
ceived 6 October 1939.) 

The photodynamic action of 3 : 4-benzpyrene on Paramoecium occurs in dilutions 
of the order of one part in a hundred million. By this means its presence has been 
looked for in the tissues of mice eitlier painted or inoculated with this hydrocarbon. 
Apart from tho site of its application it was found to be present only in the liver and 
tho lungs. It is noteworthy that those are the only two sites apart from its place of 
application where tumours have been observeil to occur in mice treated with carcino¬ 
genic agents. It appears therefore that the reason why tumours occnir in the liver 
and tho lungs is because the hydrocarbon accumulates in these two tissues. 


The nature of the oestrogenic substances produced during the demethyla- 
tion of anethole. By N. R. Campbell, E. C. Dodds and W. Lawson. 
{Communicated by Sir Robert Robinstmy FM.S.—Received 6 October 1939.) 

Demethylation of anethole by heating with potassium hydroxide and alcohol under 
pressure produoas three oestrogenic substances of which one, produced in very small 
amount, is intensely active. These thresh have be<in isolated and identified, the most 
potent being 4: 4'-dihydroxy-y: ^-diphenyl-n-hexane. Syntheses of these and of 
several other dihydro dimerides of p-propenyl phenol are also described. 


The pressure-voltage characteristic of the Geiger-Muller counter. By 

W. Schaffer. {Cwnmnnimted by B, F. J. Sckonlandy FRB,—Received 9 
October 1939.) 

An approximate quantiUitive theory of the starting potential of the Geiger-Muller 
connter is given on the assumption that the replacement electrons are set free by tho 
photo-electric effect. The gas volume is divided into three coaxial regions; an inactive 
zone in which tho electrons acquire too little energy from the field for excitation or 
ionization, an excitation zone, and a zone in which both excitation and ionization 
occur. The theory is applied to an experimental pressure-starting potential curve and 
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satieifaotorily accounts for the shape of the whole curve. It gives an approximately 
correct value of the ionization potential of the gaa and also gives reasonable and 
fairly consistent values for some other physical constants and for the ratios and 
products of such constants. The experimental procedure used to obtain the pressure- 
starting potential curve is briefly described. A discussion gives some evidence for 
the photo-electric theory of the discharge and shows that, wliile the present work is 
by no trieans certain ovidtnice for that theory, it is sufficiently probable to merit 
further test. 


A new derivation of the quadratic equation for the masses of the proton 
and electron. By Sir Arthur Eddington, F.R.S. {Recewd 10 October 
1039.) 

The paper develops an improvement of Tnethf>d which considerably simplifies the 
physical problems treated in Relativity T/*epry of Protons and Electrons. The main 
difference is that by making fuller use of the conception of degeneracy (arising from 
symmetry) the cumbersonio treatment of volume-elements of phase space attached 
to the wave vectors is avoidtnl. The various numerical coefficients appearing in my 
previous results are recognized os the weights of d€>generato stakes. This makes them 
easier to handle in further developments, besides making them less mysterious from 
the point of view of ordinary quantum theory. Before the degeneracy method could 
be employed it was necessary to formulate more precisely the connexion between the 
relativistic description of observables as relations between an object system and a 
standard physical environment (the comparison fluid) and the current quantum 
theory which ostensibly deals with the object system alone. This occupies the earlier 
part of the paper. 

The problem treated in detail by this method is the derivation of the equation 
lOn?.*— I36wmo + mo* = 0 whose roots are the masses of the proton and electron. 


The masses of the neutron and mesotron. By Sir Arthur Eddington, 
F.R.S. {Received 10 October 1939.) 

The development of relativistic quantum theory in an accompanying paper is 
applied to the neutron and mesotron. 

The excess of the mass of the neutron over the mass of the hydrogen atom is found 
to bo D5 xne, confirming a tentative derivation by H, O. W. Richardson. The magnetic 
moment is also found. 

The mass of the mesotron is found to be 173*2 m^. A rough indication of the life¬ 
time is given. 

Certain oonclusions in regard to nuclear structure are derived; in particular, 
mesotrons are quite distinct from Yukawa particles. 
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The neutrons from the disintegration of fluorine by deuterons. By T. W. 

Bonner. {Communicated by J. D. Cockcroft, F,R,S.—Received 16 October 
1939.) 

The neutrons from disintegration of fluorine by deuterons have been investi¬ 
gated by the method of observing helium or hydrogen recoils in a high pressure 
cloud-chamber. When targets containing fluorine were bombarded with 950 kV 
deuterons^ several groups of neutrons were observed. The disintegration Q values 
computed from the energies of the neutron groups are 10*80, 9-33. 6*62, 5*39, 3*63, 
1*84 and 0*74 MeV. The nuclear reaction appears to be (F^*, H®, No*®, n^). The 
disintegration value ^ ~ 10*80 ± 0*20 MeV corresponds to a transition to the ground 
state of Ne“® and smaller Q values indicate excited states in at 1’6, 4*2, 5*4. 
7*3, 9*0 and 10*1 MeV. Only a small fraction of the neutrons belong to the group of 
maximum energy. The excit-ed states in Ne*® at 6*4, 7*3, 9*0 tind 10*1 MeV are unstable 
against alpha-particle emission and so they may break np into O'® and an alpha- 
particle. The experimental width of the level in Ne®® at 10*1 MeV appyears to be not 
greater than about 0*2 or 0*3 MoV. 


On aspects of animal locomotion. (Croonian Lecture.) By J. Gray, F.R.S, 
{Received 17 October 1939.) 

The available facts appear to establish five main points: (i) To a surprising degree, 
normal locomotion is independent of the higher nervous centres, although in verte¬ 
brates the integrity of the medulla oblongata is essential for a display of fiUl loco- 
motory activity. In some vertebrates the role of the medulla can be replaced by 
appropriate electrical stimuli applied to the nerve cord, (ii) The type of locomotion 
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displayed by an animal can frequently be shown to depend upon the presence of a 
particular pattern of exteroceptive stimulation: one pattern is essential for ambula* 
tion, another for swimming or for flight, (iii) Few if any animals display co-ordinated 
motion when their central nervous systems are completely isolated from those 
patterns of peripheral stimulation which reach them under conditions of normal 
progression. It is, however, possible to restrict the receipt of this stimulation to a 
comparatively small amount of the total musculature taking part in the process of 
locomotion, (iv) When a vertebrate limb responds by flexion to passive stretch, each 
of the other three limbs respond by movements which bear an unmistakable re¬ 
semblance to normal locomotory co-ordination—although these latter limbs may be 
completely deafforontatod. Reflex acjtivity in one limb thus induces a wide spread of 
postural pattern within the central nervous system. These phenomena are not 
restricted to tetraijod vertebrates; they occur in fish, and in a variety of invertebrates, 
(v) Strong support is available for the oonolusiou that peripheral reflexes play a 
fundamental role in normal locomotion. Against this theory are certain facts which 
require fui^ther consideration. 


Statistical thermodynamics of superlattices. By R. H. Fowler, F.R.S. 
and E. A. Guggenheim. {Rex>eived 19 October 1939.) 

This paper establishes the precise statistical basis of Botho’s method, of disctasaing 
order-disorder phenomena in superlattices in Bethels first approximation. It shows 
that for cubic! lattices of the typo here considered, in which all points of one super- 
lattice liave tvs nearest neighboui‘8 points of the other suporlattioc only, Bethe’a first 
approximation is equivalent to the use of a method which we hero call tho quasi- 
chemical method. Tho quasi-ohomical method is an approximation which proceeds 
by assuming that the bond betwetm any pair of nearest neiglibours may be treated 
as if it were a chemical moleovile, and the number of arrangements witli given 
numbers of bonds as if tho bonds did not interfere with each other. 

In the simple case considered, all the details of Bethels method and the quaai- 
chemical metliod and the approximation on which they are based, and the relation¬ 
ship between them, otm be mode perfectly explicit. There seems reason to hope that 
tlie greater power of these explicit methods may enable them to be applied success¬ 
fully for mt)ro complicated lattices, to which at present only the much rougher 
approximation of Bragg and Williams can be carried through. 


An experimental study of the transfer of excitation energy in solution. 

By A. H. Carter and J. Weiss. (Communicated by Q. R. Chmo, F.R.S ,— 
Received 23 October 1939.) 

The transfer of electronic excitation energy in solution (primarily adsorbed from 
an external light source) has been investigated in the cose of the photoaensitissed 
decomposition of oxalic acid by uranium salts. More detailed information about the 
mechanism of tho energy transfer in this reaction has boon obtained by studying it 
in the presence of substances (I”, Br~) which con act as acceptors for the excitation 
energy of the excited uri^um ioiis. 
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New experimental facta are presented which cannot be explained by any of the 
previously advanced theories. In particular there has been observed a change in the 
relative amounts of the decomposition products with varying concentrations of 
quenching substances and hydrogen ions present in the solution. In fact the net 
process of the photosensitized decomposition of oxalic acid cannot be repn^sented 
by the equation: = CO+ 00(4-1180 as has been assumed often in the past. 

The experiments show the formation of formic acid and the oxidation of a certain 
amoimt of the oxalic acid to carbon dioxide, which must be taken into account. 
Under the most favourable conditions not more than about 50 % of the oxalic acid 
is decomposed into carbon monoxide (according to the above rooctiou). whereas up to 
72 % of the oxalic acid is decomposed into fonnic acid under suitable conditions 
(pH-5). 

A theory is discussed based on the non-adiabatic electron traiosfer process between 
excited uranium ions and oxalate ions, This process constitutes the elementary 
process of quenching of fiuoresoeuoe which is identical with the primary process in 
the photosensitized reaction. The complex formation between the reacting ions is 
interprettjd as a result of quantum mechanical resonancts in this primary process. 

In oomiexion with the above investigation, the quenching of the manium fluorescence 
by iodide ions and the elementary processes involved have been investigated experi¬ 
mentally and disciissed on a similar theoretical betsis. 


Theory of the vibrations of the sodium chloride lattice. By E. W. 

Kellekman. {Communicated hy M, Born, V,R.S. . -Received 20 October 1939.) 

According to Born’s treatment of fiolar crystals the frequency equation for a 
vibratiiig crystal contains in its coefficients lattice sums which are due to long-range 
Coulomb forces. Using a method doveloi>ed by Ewald it hiis been possible to find a 
quickly convergent fonn of those sums. The general formulae for the coefficients 
have been developed and a spt^cial application has boon mmle to the case of sodium 
chloride. 7’he coefficients and also the frequencies themselves have l>een calculated 
for forty-eight different states of vibration of the crystal which are chosen iu such a 
way as to m€tke possible a fair survey over the whole frequency spectrum of the 
crystal. It appears that the purely electrostatic derivation of the general formulae 
for the coefficients does not give information about the cose of the residual rays. 
This can only be obtained by t^xking account of the olectrodynamic boundary con¬ 
ditions, namely that tlie crystal as a whole must not emit radiation, which loads to 
the correct solution for the frequency of the residual rays. The fonnulae for the 
coeffiojonts have also been used for the calculation of the elastic constants of sodium 
chloride. 


The torsional flexibility of aliphatic chain molecules. By A. Mulleb. 
{Gommuniooded by Sit William Bragg, P.EB, — Recei%>ed 26 October 1939.) 

The dielectric polarization of two dikotones is measured in a temperature range 
including the melting points of the substances. The material under observatitm 
consists essentially of aliphatic chain molecules carrying two dipoles. In one sub- 
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atanooi * these dipoles are situated on opposite sides of the chain axis and 

thus neutralize each other. In the other substance* CixH^Oj, the dipoles lie on the 
same side and therefore increase the dipole strength. From the polarization experi¬ 
ments it is concluded that in both cases considerable distortion of the chain molecules 
occurs in the temperature range near the melting points. 


Cytological studies in Oenothera with special reference to the relation of 
chromosomes to nucleoli. By P. N. Bhaditri. {Communicated by i?. iJ. 
Oaie$t F.R,S.—Received 27 October 1939.) 

A comparative study of the relation of chromosomes to nucleoli has been made in 
nine species and one hybrid of Oenothera. The distinction between a satellited chromo¬ 
some and one with secondary constriction breaks down in Oenothera. Both the con¬ 
stricted region and the appendage are well marked in most of the species. The 
filament, like the appendage, is Feulgen positive. 

The chromosomes have been classified in some of the species according to their 
sizes, the situation of the primary constriction and the presence of secondary con¬ 
strictions. An exact oorrespondenho between the number of secondary constrictions 
and the number of nucleoli has been establishfHi in each case. This number is four 
in all the 8j)ecies except O. arhgustisfiima var. qaebeceneia whore it is five. Determina¬ 
tion of the position of nucleolar clu’omosoraes in the ring is important as a means of 
identifying chromosomes in the two complexes of a species. The presence of four 
nucleoli corresponding to four secondary constrictions in (a) heterozygous species 
with high chromosome catenation, such m 0. Lavtarckianat O. Hazelae and 0. 
biformifiora and {b) homozygous species with seven free pairs, such as 0. Hookeri 
and 0. miaaourienaia, proves that the presence of four nutjleolar chromosomes is on 
older clmraottir than ciiromosorne linkage. This supports the view that ring formation 
in Oenothera has evolved in the genus. That morphological changes of chromosomes 
can be brought about by segmental interchange is evideticed by the fact that at 
least on© heteroinorphic pair of Sat-chromosomos in O. iMmarckiana has become 
homomorphic in its mutant 0. blandina. There is variation in the sizes of the nucleoli 
in species and hybrids of Oenot^iera. 0. Lamarckiwna has one very small, one quite 
big and two inUjrmodiate nucleoli, whereas in the homozygous O. blaTidina and 
0. Hookeri there are two distinct pairs of nucleoli. An impaired condition of nucleoli 
in O&nothera therefore indicates heterozygosity of the species. Prochromosomes, 
which are Feulgen positive, have been observed in somatic cells of some species. 
The catenation of three species and nine interspecific hybrids has been determined. 
In a narrow-leaved trisomic mutation of 0. Hazelae tlie fifteen chromosomes showed 
irregularities in catenation. 

The presence of four nucleoli corresponding to four secondary constrictions, the 
frequent presence of multivalent chromosomes in the pollen mother cells of haploid 
and diploid plants, as well as the fact that no common basic number ia found in the 
family Onagraoeae, indicates that the haploid number 7 in Oermtk&ra is a derived 
number. On this assumption Oeno^^ra species cannot, therefore, be looked upon as 
true diploids. 
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Kinetics of the thermal decomposition of fiilly deuterated diethyl ether. 

By J. G. Davoud and C. N. Hinshelwood, F.R.S. {Received 28 October 
1939.) 

A detailed study of the kinetios of the decomposition of fully deuterated diethyl 
ether has been made. The results are discussed and compared with those (already 
published in the Proceedings) on the hydrogen ether. 


Rotational analysis of the first negative band spectrum of oxygen, II. 

By T. E. Nbvin. {Communicated by A. W. Conway, F.R.S.—Received 
30 Oc^o6er 1939.) 

This is a continuation of work described in a previous paper on the structure of 
the first negative bands of oxygen. From eui analysis of the (0, 0), (0, 1) and (1,0) 
bands it was shown that the transition involved was the *// levels exhibiting 

an anomalous structure. The present paper gives an analysis of the (2, 0) and (0, 2) 
bands. This, in conjunction with the analysis in the previous paper, enables the 
vibrational constants of the system to be exactly calculated. The *il level = 2 
shows the same structure as the previously analysed levels and an empinoal formula 
is given which represents the separation of the components reasonably well. A 
complete table of the molecular constants for the five bands is given. 
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On the evolution of the mammalian palate. By F. R. Pasbinoton and 

T. S. WestoxXi. {Communicated by J. Oray, F.M.8.—Received 31 October 
1939.) 

The direct evidence of palaeontology shows that the Triassic Theriodonte poaaessed 
vomers and palatine processes directly comparable with those of mammals, and that 
these were developed from the reptilian prevomers and premaxillaie respectively. 

It is claimed that there is no evidence to show that the structures evolved in the 
Theriodont nose were ever changed. 

It is shown that the fundamental assumptions on which the embryologioal evi* 
dance for the parasphenoid-vomer homology rest are quite untenable in the light 
of the resulting conclusions; or when the embryology of the Chelonta is taken into 
account; or when other structures besides the paraseptal cartilages are used as 
guides. The whole theory therefore rests on an entirely unreliable basis. 

The embryologioal data can be interpreted more easily to fit the original “ pre- 
vomer ***vomer homology. 

The term “prevomer” is synonymous with vomer, and must lapse. 

The homology of any mammalian pterygoid element with the lateral wing of the 
reptilian parasphenoid is similarly analysed and shown to be erroneous. 

The “mammalian pterygoid” and “Echidna-pterygoid” of monotremes are shown 
to be homologous respectively with the pterygoid and eotopterygoid of the Therio- 
donts and other reptiles. 

The pterygoid of ditrematous mammals is found to include the homologue of 
the reptilian pterygoid; the eotopterygoid is occasionally represented separately, 
usually it is fused with the pterygoid. In some it may possibly be absent. 

The fate of the reptilian parasphenoid in mammals is discussed, and it is concluded 
that the element is probably reduced altogether in normal mammals. Median splints 
present in certain forms are regarded as true parasphenoid vestiges. 

The mutual relations of the palate and lower jaw are oonsidered, with spooial 
reference to musculature and to changes in proportion. 


Properties of superconducting colloids and emulsions* By D. SHosxBKRa. 
{Communicated by J, D, Cockcroft^ F,E,8.—Received 31 October 1939.) 

Magnetization curves of colloids and emulsions of mercury are dasoribed which 
provide direct evidence for an appreciable penetration, inoteaaing with temperature, 
of magnetic fields into small superconductors. From the temperature variation of 
X/Xxt * susceptibility ratio of a small to a large sphere, for a very fine colloid, the 
temperature dependence of the penetration depth A is deduced, in fair agreement 
with the results of Appleyard and others. This is used to transform the temperature 
dependence of x/Xn* emulsion with r>A, into a curve of x/Xo sgamst A/r, 

which is compared with a theoretical curve based on the London’s penetration law, 
suggesting that the latter is only qualitatively valid* The oritioal fields h of the colloids 
and emulsions were larger than for bulk meroiiry, and it is shown how, together with 
the susceptibility data, they can be used to cudoulate the free energy difference per 
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onit volume between aupereonducting lM^d normal phaae» for a amsdl apbere. The 
reaidta suggest that this difference increases (if at all) by a factor of at most 2 or 3^ 
when the sise is reduced from macroscopic dimensions to 5 x 10~^ om^ The shape of 
the magnetization curves and various hysteresis features are found to differ between 
a small and a large sphere, and these differences are disoxissed. 


On the statistical method in nuclear theory. By K. Fxjohs. {Communi- 
cated by M. Bom, RRB.—Received 2 November 1939.) 

A generalization of the statistical method for the calculation of nuclear energies 
is given, which makes it possible to dispense with the Hartree approximation of 
independent wave functions. 

The two directions of the spin are considered separately and general expressions 
for the energy of nuclei with any spin are derived. 


Calculation of nuclear energies and stability by the statistical method. 

By B. Spain. (Communicated by M, Bom, F.R.8,—Received 2 Novombor 
1939.) 

Nuclear energies and radii are calculated using the statistical method, taking into 
account the two possible spin directions; the interaction potentials of the various 
nuclear forces are assumed to be proportional to (A: + a/r) exp (— r/o). The results 
obtained are in good agreement with experiment. 

The stability of nuclei is also investigated, giving satisfactory agreement with 
experiment for odd nuclei, but for even nuclei the results are not so satisfactory. 
This seems to indicate that the statistical method does not emphasize sufficiently 
the difference between odd and even nuclei. 


Some meaeurements of Y“*^y energies. By S. C. Curran, P. I. Dek 
and J. E. Strothers. (Communicated by J. D. Cockcroft^ FM.S .— 
Received 2 November 1939.) 

Using the method of semicircular magnetic focusing of secondary electrons, it has 
been possible to construct an instrument which is suitable for the measurement of 
the quantum energies of y-radiation between the limits of about 0*5 and 16*0 x 10* eV, 
and which is capable of giving a reliable estimate of the relative intensities of tlie 
omnponenta of such radiation. The detecting system consists of three thin-walled 
Geiger-MOUer counters coupled to an amplifying system which records triple coin- 
oidenoee. The construction of the apparatus is such that it may be used for the 
analysis of y-radiation emitted during bombardment of light elements by protons 
as well as that emitted from radioactive sources. 

Th^ apparatus was standardized by using the y-radiation firom the active deposit 
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of thorium* Its accuracy having been thus eetablished, it was used in the Investigation 
of the y-radiation from the sources **Na, ••Mn, and **01 and also the racUation emitted 
during the bombardment of fluorine by high energy protons, The results are tabulated 
below. 


Source 

»*Ka 

**Mn 


Quantum energies 
X 10* eV 
1-46; 2*0; 3*03 
0 01; 2 03 
1*65; 216 
6-6 


Relative intensities 
M7 : 0-27 : 10 
21 : 1*0 
3 : 4 


The p-ray spectrum of radium E. By G. J. Neary. {CommnnimUd by 
J. D, Cockcroftt F,R,8,—Received 2 November 1939.) 

The fi-ray spectrum of Ra E has been invostigatetl with a magnetic spectrograph 
of special design with a source on ifi aluminium and a counter window of 10'’* g./cm.* 
Zaponlak. 

It is considered that the experimental results represent directly tiie distribution 
of particles from about 20 keV upwards without distortion from any cause. The 
energy curve has a maximum at 160 keV and an end-point at 1*17 MeV, with a mean 
energy of 340 keV, in complete agreement with calorimetric determinations. The 
momentum curve has a maximtun at Hp = 1800 G-cm. in satisfactory agreement 
with Flamraersfeld, Hp = 1760 G-cm. ITie intermediate part of the K.U. plot is 
straight, the energy difference between oxiwjrimental and extrapolated end-points 
being 0*66 on the other hand, the introduction of a finite neutrino mass does 

not bring about agreement with theory. The K.U. plot also falls below the straight 
line below 160 keV, and resembles some of the possible distributions for ‘‘forbidden” 
transitions, as given by Hoyle. 


Tha ovipoaltion behaviour of parasites of Plutella f9UtcuUpen$ri$ Curt. 

By D. C. Lloyd. {Communicated by W. R. Thempacm, F.R.8.—Received 
8 November 1939.) 

An investigation is being made of the incidence in the laboratory and field of 
s\:^rparasitism and multiparasitism in the primary parasites of FluMa raoctdi- 
pennia Curt. The present paper deals mainly with laboratory experimental work on 
the three species— Diadtom/ua colkma Qrav., Angitia cerophaga Grav., and ApanteUa 
piutellotf Kurdj. 

From the experimental point of view, the problem of multiple paxasitism k being 
regarded as a question of the nature of the oviposition responses of the various 
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paraaites. The prooedure adopted ia to confine the female paxaaites in tubee for a 
fixed time with a given number of hosts imd to observe the ovipoaition behaviour of 
the adult parsites, and in the subaequent development of the immature parasites to 
note the efieota of competition. 

With Diadromue colUm$ the silken cocoon surrounding the pupa is important in 
securing maximum ovipoaition because of the posture adopted by the female in the 
ovipoaition act. Unparasitixed hosts were more acceptable when histogenesis was 
in the early stages, but hosts parasitized in such stages were usually rejected by 
subsequent females. This rejection was very well defined in respect of pupae para¬ 
sitized by D. coUarie itself, or prepupae containing aulvanced stages of Angitia 
cerophaga, and was exercised when such hosts were given to the females for numerous 
brief exposures. Superparasitism in pupae and prepupao occurred only in oases 
where the host contained recently deposited eggs; multiparasitism obtained when the 
Dktdromua femcde encountered prepupae containing early instars of Angiiia cerophaga^ 
but oviposition in these conditiona was restricted. Experiments suggest that feeding 
in host contents is necessary for the full development of the gonads. 

The parasite A, cetopkaga will attack all host larval instars and also occasionally 
prepupae in cocoons. Larvae containing eggs of first and second instars of A, cero- 
phaga were usually rejected when unparasitized hosts wore available; when para¬ 
sitized hosts only wore given to the females, oviposition was limited. An ability to 
diatiiiguish between unparaaitized host larvae and those containing eggs of ApanUha 
pltUeUae was also observed. 

A. phUellae oviposited in the first three host larval instars and tended to avoid 
parasitizing hosts containing immature stages of its own species or those of Ar^gitia 
oerophaga. 

Elimination of supernumerary larvae in superparasitism in Diadromue oollaria was 
usually by combat in the first and second instars. When present in a propupa with 
an early instar of Angitia cerophaga neither sjyecies survived. Suppression of excess 
larvae in superparasitism in A. cerophaga and Apcmtelaa plutdhe was by physiological 
inhibition in the first inst^. This also occurred when specimens of both species were 
found in one host, but neither species appeared intrinsically superior if the eggs ww 
laid within a short interval. 

Some data on field parasitism in the first generation of the host in North Holland 
in 1989 are included. The details for superparasitism and multiparasitiam support 
laboratory experimental work. 

The relation of the findings to biological control practice of introducing several 
primary parasites of a given pest is briefly examined. 


Tables lor elucidating the internuclear vibrations of molecules and 
crystals. By A. C. MaKziss and K. WaxsssNBEBO. [Communicakd by 
C. Q, Dtwwn, F.R£.—Received 9 November 1939.) 

Tables of symmetry properties (including activity in the Ksuman effect and infra¬ 
red) are described which ^ply to the intemuolear oscillations of molecules, and to the 
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“homogeneoxis” or “lattice” oscillationa of oryntale. An explanation is givan of the 
use of tho tables for separating the oscillations of crystals into “internal” and 
“external” ones, and, in tho case of the latter, into oscillations of a transitional and 
of a rotational type. 

The fundamental normal modes are oharacterissed by a numerical notation in 
place of the various alphabetic ones in use; this notation consists of sets of numbers 
(“mode numbers”) which are a condensed form of the representation of the funda¬ 
mental mode in the symmetry group. This allows the symmetry properties of com¬ 
binations to be calculated in a very simple way, and the rules for doing this are given* 
The overtones up to the sixth are tabulate<l explicitly. 

At every stage examples are given to show how the tables con be used, an<i finally 
the oscillations of the crystals of uroa and ammonium nitrate are considered in detail. 


On the hardening of the cuticle in the ootheca of Blatta wientaUa* 

By M. G. M. Pryor. {Communicated, by A. D. Imms^ FM.8. — Received 
13 November 1939.) 

The series of reactions concerned in the hardening and darkening of the ootheca 
of Blatta ori^wtalis have been studied in tho hope that they may throw some light 
on the hardening of tho cuticle of insects in general. The ootheca is secreted by two 
glands, of which one secretes a water soluble protein, and the other a dihydroxy- 
phenol, After secretion the phenol is oxidized, probably by on enzyme, to the corre¬ 
sponding quinono, whicli then combines with the protein by a reaction similar to 
that involved in the tanning of collagen by benzoquinone. This results in the intro¬ 
duction of primary valence cross linkages into the protein network, so that it becomes 
rigid and very resistant to all chemical reagents and enzymes. The protein of the 
mature ootheca is more stable than keratin, and represents a new type of solero- 
protein, for which the name “sclerotin” is proposed. 


On the hardening of the cuticle of insects* By M. G, M. Pryor. {Com- 
municetted by A. D. Imrna, RR.S.—Received 13 November 1939.) 

The hardening of tho msect cuticle is due to the formation of a protein similar to 
that of the cockroach ootheca, A water soluble protein and dihydroxyphenol are 
secreted int/O the outer layers of the cuticle, and oxidation products of the phenol 
there react with the protein to form sclerotin. A similar reaction takes place in the 
epioutiole, which is secreted as a protein membrane and is subsequently “tanned” 
by the introduction of aromatic cross linkages. After it has been converted into 
sclerotin in this way, the epiouticlo is impregnated with lipids, which oxidiae wad 
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polymerize until they become insoluble in fat solvents. The cuticle of the OruBtaoea 
is like the epioutiole of insects in ohemioat composition^ but differs in that the lipids 
are less highly polymerized. 

The phenol which takes part in the reaction to form sclorotin is probably dihy- 
droxyf^henyl-acetic acid, or some very similar compound; the phenol in the blood, 
which is responsible for melanosis after death or at the site of injuries, will not react 
with proteins in vitro^ and so cannot be directly concerned in the formation of 
sclerotin. The blood phenol appears to be dihydroxyijhenyl-alanine, which is trans¬ 
ported in the blood from some organ in which it is synthesized to the cells of the 
hypodermis, where it is de-aminated, and converted to the phenolic component of 
sclerotin* 


On the natural frequencies of vibrating systems. By R. V. Southwbll, 
F.R.S. {Received^ 16 November 1939.) 

On the basis of a theorem due to Lord Rayleigh and relating to the effect on the 
natural frequencies of on added mass, methods are developed whereby lower limits 
can be imposed upon the frequencies of a speoifieti system. Since upi>er limits can 
be imposed on the basis of “Rayleigh’s principle^*, information so obtained is for 
practical purposes of ec^ual value with an exact solution. 

The methods can be applied as an extension of the “relaxation” technique, and 
it is then that their value is revealed most clearly. In this paper attention is confined 
to continuous systems governed by differential equations, and for these, incidentally, 
a method is developed whereby specially close estimates of the fundamental frequency 
can be made if desired. 

The concluding section of the paper is concerned with the resolution of a paradox 
presented by Lord Rayleigh’s theorem regarding the effect of a constraint. 


Hyperfine structure in the arc spectrum of bromine. By S. Tolansky 
and S. A. Tkiyebi. {Communicai>ed> by W. E, Curtis, FM.S,—Received 
21 November 1939.) 

Sixty-five classified lines of the Br i spectrum, lying in the region 8660-4360 A, 
have been investigated for hyperfine structure and analysed* It is confirmed that the 
nuclear mechanical and magnetic moments of both isotopes are the same. No isotope 
dii^aoament is observed. Hyperfine structure interval factors are derived for 
thirty-eight terms amongst which are seven complete multiplet groups. From the 
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hyperBiie stnicttire analy^ia it hoa been possible to correct some errors in the multi:* 
plot analysis. 

The coupling of the ip^ electron group with the nucleus is shown to be quite large. 
This group therefore behaves in a manner similar to that of the oorreeponding 
group of iodine. 

The 4s* 4p* 5s *P| term exhibits deviation from the interval rule and this accurately 
obeys the quadratic formula for the interaction which arises when the nucleus has 
an electrical quadrupole moment. The interaction formula for this term is 

E = 2234-i.471(7 + 0*17(7(C+ 1) om.~i x 10“*. 
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